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Abstract
A small bench top interferometer, built to study modulation interferometry is 
described. A number of different interferometer configurations are trialed, all 
using a continuos wave, Nd:YAG laser. The ability of these configurations to 
operate at the shot noise limit is documented and technical noise sources that 
detract from this limit are investigated.
The frequency and intensity noise properties of the Nd:YAG laser, used 
throughout this work, are documented. It is shown that the free running laser 
has considerable frequency noise structure from DC to approximately 100kHz. 
The effects of this frequency noise on interferometry are documented and 
means of overcoming these problems discussed.
The free running laser is shown to exhibit strong intensity noise structure 
associated with the resonant relaxation oscillation present in the lasing crystal. 
The resonant relaxation oscillation is modelled by a noise-driven second order 
system. This description is used to design an intensity stabilisation servo to 
suppress the free running laser noise. The performance of the stabilisation 
system is documented and its ability to suppress laser intensity noise by up to 
35dB across a wide bandwidth is demonstrated.
A simple scalar theory, to describe modulation interferometry is developed. 
All necessary non-ideal parameters are included and accurate predictions of 
practical interferometer sensitivity are made. The theory is used to analyse the 
performance of all interferometers tested here.
Bench top interferometer experiments are performed for direct detection, 
internal modulation, external modulation and power recycling interferometer 
configurations. The shot noise sensitivity of each configuration is measured 
and excellent agreement with theory is achieved.
An application for the direct detection interferometer is demonstrated; non- 
invasive shot noise limited RF electric field measurements. Several circuit 
boards are mapped using this device and the results presented.
Non-stationary shot noise in internal modulation interferometers is 
investigated. Using a large modulation depth and high fringe visibility 
interferometer, approximately 4.8dB of noise variation dependent on the 
demodulation phase is achieved. Non-stationary shot noise is shown to cause 
excess noise (1.7dB) in the signal quadrature, leading to shot noise limited 
sensitivity of V (3/2) worse than direct detection.
A complex modulation-demodulation system is then implemented using both 
the first and third harmonic. The addition of the third harmonic is shown to 
introduce correlated shot noise that can be used to reduce the excess 1.7dB non- 
stationary shot noise occurring in the signal quadrature.
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Chapter 1 
Introduction
1
A brief overview
A  fundamental limitation in the measurement of any real quantity is set by the 
Heisenberg uncertainty principle1. The object being measured exhibits 
quantum mechanical fluctuations that ultimately limit the sensitivity of the 
measurement that can be made in a finite time, commonly referred to as the 
"standard quantum limit". Detailed quantum mechanical analysis of optical 
interferometers has shown that using large laser powers, optical 
interferometers can reach the standard quantum limit2'3. Two physical 
mechanisms produce the noise responsible for this limit in interferometers: 
photon counting errors and fluctuating radiation pressure force on the 
interferometer mirrors. Photon counting errors scale inversely with laser 
power while fluctuating radiation pressure force scales proportional to optical 
power. When the two noise sources are equal, the standard quantum limit is 
achieved. Practical interferometer lasers are however several orders of 
magnitude too weak to reach this limit2. The limiting source of quantum noise 
in realistic interferometers is therefore due to photon counting error alone 
(commonly termed the "shot noise limit ").
Using quantum mechanical operator theory, the sources of quantum noise, in 
an interferometer measurement can be identified4. The same theoretical 
approach can also be utilised to demonstrate the advantages of non-classical 
light states or "squeezed light"5. It has been shown that by using squeezed light 
sources, rather than coherent light, it is possible to reach the quantum limit at 
lower laser powers. In principle, one can trade off laser power for the degree of 
squeezing of the source2'6.
While several experiments have used squeezed light to make interferometric 
measurements below the shot noise limit7'8, both the optical power used and 
the degree of squeezing have been far to small to approach the standard 
quantum limit.
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The optical power currently available for interferometric light sources allows us 
to discard the effects of radiation pressure. Under this 'Tow power" limit, 
quantum noise limited interferometer sensitivity is proportional to l/V(optical 
power). Hence high sensitivity interferometers require large laser power9'10'11. 
For example the estimated shot noise limited strain sensitivity of the VIRGO 
project of 10'22 A1/1/VHz requires a circulating interferometer power of ~ 1000 
watts.
While the shot noise limit sets a practical constraint to interferometer 
sensitivity, a number of technical noise sources have the potential to seriously 
degrade this limit in a practical instrument.
Vibrational noise, due to seismic activity, acoustic pick up or thermal excitation 
are present in all optical components. As it is not possible to discriminate 
between mirror vibrations due to noise sources and that due to "signals", the 
presence of vibrational noise limits the achievable sensitivity.
An ideal interferometer is, in principle, immune to both laser intensity and 
frequency noise. However this is true only for perfectly matched 
interferometer arms12. Small deviations in the arm length cause frequency 
noise to produce a phase noise at the beam splitter, producing noise in the 
signal spectrum. Likewise, an intensity mismatch in the interferometer arms 
couples fluctuating power to the detectors and the signal spectrum.
All the above noise sources either shake interferometer mirrors directly 
(vibrational noise) producing an RMS Al or can be modelled as producing an 
equivalent Al (laser noise etc). The combination of all these technical noise 
sources produces a sensitivity limit that can be expressed in Al (m/VHz). This 
limit is many orders of magnitude larger than the standard quantum limit and 
usually larger than the shot noise limit for moderate signal frequencies 
(acoustic frequency band).
Fortunately a number of techniques are available to either reduce the size of 
these technical noise sources directly or reduce their coupling into the signal 
spectrum.
Mechanical isolation, via low pass filter structures13'14 (such as pendula, lead- 
rubber stacks etc) can isolate the interferometer from seismic and low
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frequency acoustic noise. Evacuating the interferometer removes direct 
acoustic pick up.
Thermal noise, an inevitable consequence of the fluctuation-dissipation 
theorem15, is present in all mechanical interferometer components. By making 
all the relevant optical components exhibit large mechanical Q's, the thermal 
energy can be restricted to specific frequency bands, minimising the impact on 
the signal spectrum15.
Active feedback control can be used to greatly reduce laser frequency noise by 
locking the instantaneous laser frequency to an acoustically isolated, Fabry- 
Perot reference cavity16'17. Laser intensity noise can also be dramatically 
reduced by using a high-gain servo system18'19'20.
Signal modulation/demodulation can be utilised to reduce the noise coupled 
into the signal spectrum21. Optical phase modulation/demodulation has been 
shown to give up to ~ 60dB of isolation from common mode interferometer 
noise22.
For high sensitivity applications, passive isolation, active feedback stabilisation 
and signal modulation are all required in order to reach the design goals9'10'11.
Once technical noise sources have been reduced to the point where sensitivity 
is limited only by shot noise , several sensitivity enhancing techniques can be 
used to improve the resulting shot noise limited sensitivity:
Power recycling23 can be used to increase the circulating interferometer 
power and hence imitate a larger laser power (with a corresponding 
improvement in the shot noise limited sensitivity). When a Michelson 
interferometer is operated so that the output port is on a dark fringe, the 
incident light is directed back to the laser. Placing a partially reflecting 
mirror between the laser and the interferometer then turns the 
interferometer into a resonant cavity. The circulating power in the 
interferometer can be enhanced by up to l/(loss per pass)24 and the shot 
noise limited sensitivity can be improved by up to V(loss per pass).
Dual recycling25 can be used to further increase the signal response26. 
Dual recycling places a mirror at the output port of the interferometer 
and hence creates an optical cavity for the optical signal sideband(s) to
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be resonant in. Dual recycling therefore, involves a trade off between 
sensitivity and signal frequency response27.
Motivation
The Australian Consortium for Laser Interferometer Gravitational Wave 
Detection is currently working towards building a large scale gravity wave 
interferometer28. In order to build up local expertise, the consortium is funding 
work in three major areas: laser interferometer techniques, mechanical isolation 
systems and laser development.
The work reported in this thesis is the first sequence of experiments performed 
under the consortium direction in order to develop laser interferometer 
techniques. This thesis therefore fulfils two main aims: it lays the ground work 
for more complex and realistic experimental prototypes to be developed within 
the consortium and, it develops local knowledge towards designing and 
building a large scale interferometer in Australia.
Finally, the interferometry experiments undertaken here have another purpose; 
they serve to demonstrate the applicability of techniques developed in the 
Gravity Wave community to a broad scientific audience.
This thesis
This thesis focuses on investigating modulation interferometry techniques on a 
laboratory bench top interferometer. A simple descriptive theory of 
modulation interferometry is developed. We treat quantum noise (shot noise) 
as a purely phenomenological effect occurring at the photodetector. This 
approach can be justified by noting that here we are considering only "classical 
" states of light and linear optical operations. Ultimately, the justification for 
using this simple "classical" approach is that the results are in agreement with 
the full quantum treatment given by Caves2.
We develop a generic interferometer model with features common to all 
interferometers. Our theory is simple enough to give physical insight into the 
experiment being described. We include sufficient experimental variables to 
provide accurate predictions for non-ideal interferometers while all extraneous
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variables are excluded in order to maintain clarity. The theory developed in 
this thesis therefore includes macroscopic variables such as e (the electronic 
noise ratio), a  (the power split off ratio for external modulation), modulation 
depth 0m and V (the fringe visibility). Second order variables, such as beam 
pointing error, mode mismatch and detector surface area responsivity 
variation, are excluded to maintain the clarity and transparency of the theory.
The effect of critical experimental variables, in the theory of this thesis, is clear 
and the trade-offs necessary for optimum interferometer sensitivity are easily 
developed.
We derive the signal-to-noise ratio as a function of all the experimental 
variables included in the model and so we can directly compare, non-ideal 
experimental results with our theoretical predictions.
A series of modulation experiments are performed starting with direct 
detection. We investigate increasingly complex systems culminating in the 
final interferometer configuration explored here; power recycled with external 
modulation. Quantitative signal-to-noise analysis is performed at each stage 
and comparison to theory is made.
Solid state diode-pumped, monolithic, Nd:YAG ring lasers are used throughout 
this thesis. They have a number of significant advantages compared with gas 
lasers; they are intrinsically more stable29'18, reliable11 and efficient30. Power 
limitations with diode-pumped, solid state lasers has limited their use in the 
past, however ongoing research programs are overcoming this drawback31'32.
Considerable effort is directed at characterising the lasers used and improving 
their noise performance. Both intensity and frequency noise characteristics are 
determined and an intensity noise stabilisation experiment is performed.
Outline
This thesis is divided into eight chapters covering the bench top interferometry 
and associated experiments performed over the past four years.
Chapter two provides a basic introduction to a diverse group of topics. The 
results derived, or described in this chapter are called upon in later chapters.
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For example, the basic phase response of Michelson, Mach-Zehnder and Fabry- 
Perot interferometers are derived as well as a brief discussion on the operation 
of a double balanced mixer.
Chapter three describes practical aspects of both photodetectors and lasers. 
The performance of the three photodetectors, designed for this thesis, is 
documented. The intensity noise performance of a diode-pumped Nd:YAG 
laser is documented and an experiment to suppress this noise by electro-optic 
feedback, is presented.
Two tests of the frequency noise of a diode-pumped, Nd:YAG laser are then 
presented and the implications of the noise structure are discussed. The 
frequency noise results derived in this chapter (for a Lightwave 120 laser) are 
used several times in later chapters, to explain the presence of frequency noise 
in the signal spectrum.
Chapter four presents the theory and experimental data concerning direct 
detection interferometry. The frequency limitations of direct detection are 
presented and compared to the intensity noise spectrum of the laser 
(documented in chapter three).
A direct detection polarimeter for sensing RF electric field distributions is 
described. Several experimental maps of electric field distributions are 
presented which demonstrate the usefulness of this device.
Internal modulation interferometry, both theory and experiment are covered in 
chapter five. The theory developed describes both the limiting performance of 
internal modulation as well as the effects of typical non-ideal parameters (eg 
electronic noise, poor fringe visibility etc). A comparison between the 
predicted sensitivity and achieved sensitivity is given, showing excellent 
agreement.
Chapter five ends with an experimental demonstration of non-stationary shot 
noise and its effects on internal modulation interferometry. We demonstrate 
the use of a complex demodulation function and show that it has the potential 
to reduce the excess non-stationary shot noise appearing in the baseband signal 
spectrum.
Chapter 1: Introduction 7
External modulation interferometry theory is developed in chapter six. This is 
compared to experiments in both the large and small signal limits. Once again, 
excellent agreement between theory and experiment is found.
The cause of anomalous noise structure below 100kHz is investigated and 
found to be due to frequency noise of the laser. The anomalous noise features 
evident in the external modulation interferometer signal spectrum are in close 
agreement with the frequency noise spectrum measured in chapter three.
Chapter seven expands the external modulation theory to include power 
recycling. A power recycling experiment is performed and compared with the 
theory. Broad agreement is reached, however technical noise in the baseband 
signal spectrum prevented the measurement from being shot noise limited.
The noise implications of scattered light at the signal photodetectors are 
experimentally demonstrated. The origins of this noise are developed and 
means of overcoming the problem are discussed.
The thesis concludes with a summary in chapter eight. Significant 
achievements and recommendations for further work are presented.
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Chapter 2
Basic Physics of Quantum Noise Limited 
Interferometry
The purpose of this chapter is to provide the physical and mathematical 
background that will be required in later chapters. The topics covered here 
may appear to be disparate but will be seen to be essential in developing the 
analysis of future chapters.
The chapter starts with a description of Gaussian beams in free space and 
explains why our analysis can assume perfect Gaussian mode matching on all 
beams. We then define a convention for determining the intensity of a light 
beam based on an electric field formalism that will be used throughout this 
thesis.
The phase properties of a beam splitter, consistent with power conservation, 
are developed. We then have sufficient analytic tools to describe a generic 
interferometer. We analyse both Michelson and Mach-Zehnder interferometers 
in order to derive the output intensity as a function of optical phase before 
considering the frequency and phase response of a Fabry-Perot interferometer.
We define the basic expressions for shot noise and quantum efficiency as well 
as Noise Equivalent Power (NEP) and Relative Intensity Noise (RIN) for a shot 
noise limited beam.
The operation of a double balanced mixer is then described, followed by an 
explanation of the Pound-Drever error signal generation.
Operation of a spectrum analyser in the presence of both signal and noise is 
explained as well as the necessary corrections that must be applied to spectrum 
analyser data under certain conditions. Finally this chapter concludes with a 
definition and derivation of simple feedback theory terms and expressions.
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2.1 Gaussian beams in interferometers.
Gaussian modes of radiation provide a useful, although not exclusive, 
complete set to describe all optical propagation in free space. They can be 
derived directly from Maxwells equations33 and provide a natural basis for the 
study of lasers and interferometry.
The propagation of Gaussian modes through an interferometer can be 
described by the usual complex "q" parameter33. The type of analysis carried 
out in this thesis assumes that all Gaussian beams propagate undeformed and 
interfere with complete efficiency when merged with other Gaussian beams. 
Gross interference problems, via mode distortion, mode mismatch or beam 
size difference are treated as an experimental problem that can usually be 
rectified with careful alignment and component positioning. The effects of 
finite fringe visibility can be treated in our scalar analysis via differential loss 
and amplitude mismatch alone.
We are therefore free to consider radiation fields inside interferometers as 
defined by a single scalar, complex variable "E". By assigning appropriate 
amplitude and phase changes to the individual fields as they propagate 
through an interferometer, all relevant behaviour can be modelled and 
predicted.
As all optical measurements involved with this thesis are intensity 
measurements, it is convenient to define the free space electric field such that:
E E* = Popt (2.01)
where Popt is the total optical power that the complete mode described by "E" 
is capable of delivering across some interface.
2.2 Beam splitter operation.
In order to analyse an interferometer it is necessary to determine a consistent 
and power conserving phase behaviour for a generic beam splitter. In laser 
literature34 the following convention is often used and will be assumed 
throughout this thesis:
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Figure 2.1: Electric field formalism for a symmetric beam splitter.
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2.3 Basic interferometer types.
Three basic interferometer configurations will be studied in this thesis, they 
are: the Michelson interferometer, the Mach-Zehnder and the Fabry-Perot 
interferometer. The basic phase and intensity response of all three types will 
now be derived for later use.
The Michelson Interferometer
The basic layout of the Michelson interferometer is shown in Fig (2.2). Let Eine 
be the electric field incident on the interferometer. Following the beam splitter 
formalism outlined in section 2.2, the electric field incident on the detector is:
where a and b are the power reflectivities of the end mirrors and 0ab is the total 
phase difference between the two arms at their recombination, excluding the 
phase shifts of the beam splitter. The electric field returning to the laser is 
given by:
Edet = { Va e ( ^ 2+0ab) Eine + Vb e^/2 Eine}/ 2 (2.02)
^return — { Va 0(itt+6ab) E ^ H - Vb E ^c } / 2 (2.03)
Using the definition of optical intensity given in equation (2.01) on equations 
(2.02) and (2.03) gives the optical pow er incident on the detector (the 
antisymmetric port) and returning to the laser (the symmetric port):
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Pdet =  l^inc^ R / 2  (  1 "*■ V  COS0ab)
Pretum = Ejnc2 R /2  ( 1 - V COs6ab) (2.04)
where R = (a + b )/2  is the mean mirror reflectivity and V = 1/ r  (ab)1' 2 is the 
fringe visibility of the interferometer. Both P d et and P return are plotted as a 
function of interferometer phase in Fig (2.3) for R =0.85 and V = 0.8.
As can be seen for non-ideal values of R and V (R and V less than 1) the 
effective input power is no longer EinC2 but E^c2 R and the fringe height is then 
given by the effective input power multiplied by the fringe visibility EinC2 R V. 
The dark fringe optical transmission through the interferometer is in general, 
non zero and given by Pmin = EinC2 R /2 (1 - V)
Figure 2.2: The Michelson interferometer. Note that 0ab is the phase shift incurred after 
a double pass of arm a with respect to the phase shift incurred after a double pass of 
arm b.
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Figure 2.3: Detector optical power versus interferometer phase 0ab
(in radians)Interferometer phase (
The Mach-Zehnder Interferometer
The Mach-Zehnder interferometer is another amplitude splitting interferometer 
and its general form is outlined in Fig (2.4) Once again, let E^c be the electric 
field incident on the interferometer. Propagating the electric field through both 
arms of the interferometer, with the beam splitter formalism outlined in section 
2.2 gives the two output fields:
Ei = { Va e ( i* /2+9 a b ) Ejnc + Vbe^ 2 Etac}/ 2
E2 = {Va e iö a b  Einc + Vb e>* E™ }/2 (2.05)
Using equation (2.01) to determine the optical power at detectors 1 and 2 gives: 
Pi = Eine2 (1 + V cos9ab) R/2
P2 = Eine2 ( 1 - V COS0ab) R /2 (2.06)
Equations (2.06) are identical to equations (2.04) and plot, as a function of 
interferometer phase, as in Fig (2.3).
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Figure 2.4: The Mach-Zehnder interferometer
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The Fabry-Perot Interferometer
Unlike the Michelson or Mach-Zehnder interferometers, the Fabry-Perot 
interferometer combines an infinite sum of related electric fields and is 
therefore capable of producing strong resonant behaviour. A simplified 
schematic of a Fabry-Perot interferometer is shown in Fig (2.5), where it is 
assumed that the interferometer is loss less (no intra-cavity elements) apart 
from the input and output coupling mirrors.
The following analysis derives the basic relationships between all the electric 
field variables and is based on a derivation given by Siegman34.
Figure 2.5: Schematic of a Fabry-Perot interferometer.
circ trans
ref 1
mirror a mirror b
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Using the beam splitter formalism of section 2.2 for both the input and output 
mirrors and assuming that EinC is the only incident field on the interferometer:
Ecirc = i V(l-a) + V(a b) e j (-2®L/c) Ecirc (2.07)
where L is the interferometer length , a and b are the respective mirror power 
reflectivities, co is the frequency of the incident light field and V(l-a) is the 
electric field transmissivity of mirror a. Equation (2.07) can be reorganised to 
give:
Ecirc /  Eine = i V(l-a) /{I  -V(a b) e * (-2ö»L/c) } (2.08)
The transmitted electric field is directly proportional to the circulating cavity 
field. Taking into account the transmissivity of mirror b and the phase shift of 
the circulating field as it propagates from mirror a to mirror b (the circulating 
cavity field is arbitrarily defined at mirror a) the transmitted electric field can 
be written as:
Elrans = i V(l-b) Ecirc e 1 (2.09)
As a function of the incident electric field, the transmitted electric field is:
Etrans /E ine = -V(l-a)V(l-b) e > (-o>L/c)/{i_V(a b) e i <-2o»L/c)} (2.10)
The electric field reflected off mirror a is the superposition of the field due to 
the reflection of the incident field Va E^c and the transmission of the circulating 
field V(l-a) Ec^ c:
Erefl = Va Eine + i V(l-a)V b e 1 (-2g>L/c) Ecirc (2.11)
Substituting for Ecirc from equation (2.08) and simplifying, leads to:
Erefl /E ine = Va - (1 - a) Vb e 1 (-2©L/c)/{i . V(a b) e 1 (-2ö)L/c)} (2.12)
The corresponding optical power relationships are obtained by multiplying 
equations (2.08), (2.10) and (2.12) by their complex conjugates to give:
Ecirc /  Pine = (1-a) /{I + a b - 2 V(a b) cos(2coL/c)} (2.13)
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Ptrans /  Pine = (1-a) (1-b) /{I + a b - 2 V(a b) cos(2coL/c)} (2.14)
{a + b - 2V(a b) cos(2coL/c))
Prefl /  Pine =
{1 + a b - 2 V(a b) cos(2coL/c)} (2.15)
Equations (2.13), (2.14) and (2.15) are plotted in Fig (2.6) as a function of 
frequency co for a = b = 0.9. As can be seen, there is strong resonant behaviour 
of all three equations. Note that the circulating power in this case reaches a 
maximum of 10 Pinc as the reflected power drops to zero (impedance matched 
condition for a = b) and the transmitted power reaches Pinc. The denominator 
of equations (2.13), (2.14) and (2.15) reach a minimum when cos(2coL/c) = 1, or 
when 2coL/c = 2 n n, where n is the longitudinal mode number. Hence the 
frequency response is repetitive every Acoaxiai = n c/L radians/sec or the free 
spectral range, FSR = c /  2L Hz.
The phase response of both the transmitted and reflected electric fields of the 
Fabry-Perot interferometer can be obtained directly from equations (2.10) and 
(2.12) and is plotted in Fig (2.7). As can be seen, the transmitted field 
undergoes a 180° phase delay while the reflected field exhibits a dispersion like 
phase response at every resonance of the Fabry Perot interferometer.
It is often useful to express the cavity loss parameters in the 5 notation. In this 
formalism the mirror power reflectivities a and b are related to the cavity loss 
they produce by:
a = e_5a b = e_Sb (2.16)
while the total cavity loss, assuming that no intra cavity losses occur other than 
the end mirrors is given by:
5C = 5a + 5b (2.17)
The Q of a resonant system, such as a Fabry-Perot interferometer, is defined 
as35
Q = co x energy stored /  rate of energy dissipation (2 .18)
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Figure 2.6: Optical power (normalised to the incident power) verses frequency for a 
Fabry-Perot interferometer showing two complete free spectral ranges (FSR) for (a) 
circulating power, (b) transmitted power, (c) reflected power. All plots shown have 
mirror reflectivities a = b = 0.9, while q is the longitudinal mode number.
Frequency
Figure 2.7: Optical phase response ( with respect to the incident field) verses frequency 
for a Fabry-Perot interferometer showing two complete free spectral ranges (FSR) for 
(a) the transmitted optical field with respect to the incident field, and (b) the reflected 
optical field. All plots shown have mirror reflectivities a = b = 0.9, while q is the 
longitudinal mode number.
7T/2 ‘
Frequency
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If the field energy stored in the interferometer is Es then the rate of energy 
dissipation is 5C Es /T  where T is the round trip transit time of the 
interferometer given by T = 2 L/c. The Q of the interferometer is then
Q = co T /  5C
= 2 c o L  / ( c S t )
= 4 ttvL / ( c 5c ) (2.19)
where v is the optical frequency in Hz. The cavity intensity decay rate yc is 
given by the loss per round trip divided by the round trip transit time.
Yc = 8C /T  (2.20)
hence the exponential decay time of the cavity intensity or the photon life time 
is given by:
tc = T /5 C (2.21)
Substituting equation (2.21) into equation (2.19) gives:
Q = co tc (2.22)
The Finesse of a Fabry-Perot interferometer is defined as34
F = * V g / ( l - g )  (2.23)
where g is the round trip electric field loss VaVb. For small cavity losses (a and 
b > 0.8 and g ~ l-Sc/2) the finesse is given by
F « ACÖaxial /  AC0cavity
-  2 7T /St (2.24)
where Acocavity is the full width half maximum of the resonant cavity response 
shown in Fig (2.6). As AcoaXiai = ft c/L, AcocaVity can be expressed as
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ACOcavity — A(Oaxiai /F
= c 8c /  (2 L)
Avcavity — C 8c f47T L) (2.25)
U sing equation  (2.19) this can be expressed as
ÄV cavity = v /Q (2.26)
Substitu ting  equation  (2.22) into equation  (2.26) gives
AV cavity — 1 /  (2ft tc) (2.27)
E quation  (2.27) relates the pho ton  life tim e tc to the cavity b an d w id th  of the 
Fabry-Perot interferom eter.
2.4 Shot noise and quantum efficiency in optical measurements.
A ll op tica l in ten s ity  m easu rem en ts , u s in g  e ith e r p h o to d io d e s  or p h o to ­
m u ltip lier tubes, suffer from  shot noise. This arises due  to the d iscrete arrival 
ev en ts  of in d iv id u a l p h o to n s  in  a stochastic  m an n er, d u rin g  an  in tensity  
m easu rem en t an d  is in d ep en d en t of any  in tensity  m o d u la tio n  or technical 
noise th a t the  ligh t source m ay  exhibit. The p h o to cu rren t gen era ted  by an 
optical in tensity  m easurem ent exhibits the sam e stochastic fluctuations as the 
p h o to n  arriva l tim es. It can be sh o w n 36 th a t the arrival ra te  fluc tuations of 
p h o to n s  from  ideal lasers (free of technical noise) an d  incandescen t ligh ts 
exh ib it P o isson ian  statistics. The p h o to cu rren t re su ltin g  from  an  in tensity  
m easu rem en t of these sources w ill also exhibit Poissonian statistics identical to 
vacu u m  tube currents or sem iconductor junction currents. The variance in  the 
current, due  to  shot noise is given by37/38
w h ere  e is the electronic charge, IdC is the average p h o to cu rren t and  B is the 
detection  bandw id th .
< in2 > = 2 e Idc B (2.28)
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In order to relate this variance to the optical source it is necessary to consider 
the quantum efficiency of the photodetector. Quantum efficiency is defined as 
the fraction of detected photons that produce photocurrent electrons at the 
detector output. The quantum efficiency r\ of the detector is related to the 
responsivity of the detector, in amps per watt, by:
p = r| e /  h v (2.29)
where h is Planks constant and v is the optical frequency in Hertz.
Assuming a photodetector responsivity p and an incident optical power of Popt 
then the resulting RMS photocurrent shot noise is:
in = ( 2 e p P 0ptB)l/2 (2.30)
The optical noise equivalent power (NEP) is defined as the optical power 
necessary to provide a DC signal identical to the RMS detector noise in a 
bandwidth of 1Hz. For a shot noise limited light source and detector, the NEP 
due to shot noise is given by:
NEP = (2 e Popt/p  )1^ 2 (2.31)
The relative intensity noise, also defined for a bandwidth of 1Hz, is
RIN = in(f)2/Idc2 (2.32)
hence, for a light source free of technical noise (shot noise limited), the RIN is:
RIN = 2 e /p  Popt (2.33)
Note that the relative intensity noise on a light source, due to shot noise, is a 
function of the power detected Popt and the responsivity p of the detector. In 
contrast, RIN due to technical noise on the light source is independent of the 
detected power or the responsivity of the detector.
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2.5 Electronic mixer operation.
Throughout this thesis we will be considering various modulation and 
demodulation operations. As an electronic mixer is the crucial element in these 
systems, it is useful to explain mixer operation in some detail.
Figure 2.8: A circuit diagram and a schematic representation of a double balanced 
mixer.
, LO input
RF input IF output
—
A schematic of a double balance mixer is shown in Fig (2.8). A local oscillator, 
oscillating RF field is applied to one port while the signal to be mixed is 
applied to the RF port. The basic purpose of the LO field is to turn the bridge 
diodes on and off at the LO frequency. In order to achieve this the LO electric 
field amplitude must be sufficiently large to overcome the diode junction 
voltage. The size of this voltage determines the "level" of the mixer, typically 
we use level 7 mixers, requiring 7dBm for optimum LO switching. The 
switching operation of the LO in conjunction with the diode bridge, creates a 
switching path for the RF current to travel along on its way to ground. In so 
doing, a back EMF is generated between the ground and IF port. The result
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appearing at the IF port is the product of the RF input and a square wave at the 
local oscillator frequency*.
Signal and noise in a mixer.
In a typical mixer demodulation operation, a frequency shifted signal given by 
Ein = 2 E Cos(coc t ) Cos(cos t )
= E C os(g)c t - (0S t) + E Cos(coc t + cos t) (2.34)
must be shifted down to baseband to recover the original signal. This is 
achieved by using a local oscillator signal given by :
Eio= A Cos(coc t+ d ) (2.35)
where A is the LO peak amplitude and <\> is the relative phase with respect to 
the RF input. Ignoring the effect of the higher harmonics of the switching 
waveform (the switching waveform is approximately a square wave with a 
fundamental frequency of that equal to the local oscillator), as these higher 
order terms do not contribute baseband components, the mixer IF output can 
be approximated by:
Eif = 2 E A Cos(coc t+ <j>) Cos(coc t ) Cos(cos t )
= E A Cos(cos t ) {Cos(2coc t+ <J>) + Cos(<j))} (2.36)
The Cos(2coc t+ <|>) term can be filtered out by a low pass filter, leaving the 
desired baseband signal alone:
Eif = E A Cos(cos t ) Cos(<j>) (2.37)
It is clear from equation (2.37) that the correct phase d = 0 of the local oscillator 
must be chosen for full signal recovery. When <j) = 0 the recovered signal has an
* Note this is obtained by approximating the diode turn on and turn off transients to a step 
function so that the diode bridge is assumed to conduct one way or the other at all times with 
an instantaneous transition between these two states occurring at every zero crossing of the 
local oscillator waveform.
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RMS amplitude of E A/V2. Each sideband at co^cos has an RMS amplitude of 
E/V2 so the conversion ratio of the mixer is A /2. Assuming an RMS noise 
voltage of T volts/VHz on the original spectrum at the mixer RF port and a 
detection bandw idth of B Hz, then the baseband noise at the IF port of the 
mixer will be TAVb /V2, where we have assumed that the two noise sidebands 
at coc±cos are uncorrelated and so add in quadrature. Using an RF power 
definition of signal-to-noise* then gives
Note that the mixer conversion ratio A does not enter the signal-to-noise ratio 
equation. The signal-to-noise ratio at the mixer RF input for a single sideband 
at Cöc+Cös or coc-cos gives
Hence the mixer operation is seen to result in a doubling (3dB improvement) of 
the signal-to-noise ratio. This effect is due to the coherent addition of the two 
signal sideband electric fields while the noise is added in quadrature in the 
baseband spectrum.
2.6 The Pound-Drever error signal.
The Pound-Drever error signal17'39 is used several times throughout this thesis 
to lock a Fabry-Perot interferometer resonance to a laser beam, or to determine 
the frequency jitter of a laser with respect to a Fabry-Perot interferometer. In 
fact the Pound-Drever locking technique can be used for any device that 
exhibits a dispersion shaped frequency response.
The Pound-Drever error signal is generated by phase modulating the light 
incident on a Fabry-Perot interferometer (using an EOM) at RF frequencies 
(typically 2 to 20 MHz). This creates PM sidebands either side of the optical 
carrier. Upon reflection from the interferometer, the optical carrier is phase 
shifted according to the dispersion shaped phase response of Fig. (2.7), trace 
(b), while the PM sidebands are sufficiently removed from the resonance
* Throughout this thesis an RF power signal-to-noise ratio will be assumed unless otherwise
S /N baseband = E2/BT2 (2.38)
S /N s in g ie  sideband — E ^ /2B T ^ (2.39)
stated.
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response and so experience a zero phase shift (flat sections of Fig. (2.7), trace 
(b)). When the optical carrier is exactly on resonance (mid point of the steep 
section of Fig. (2.7), trace (b)) it experiences zero phase shift. Any move away 
from this point causes a linear phase shift of the reflected optical carrier. The 
reflected optical carrier and PM sidebands are directed to a high speed 
photodetector capable of responding at the RF modulation frequency. Exactly 
on resonance, the PM phase symmetry between the optical carrier and 
sidebands is preserved and so no RF signal is produced at the photodetector. 
When slightly off resonance, the PM symmetry is destroyed by the linear phase 
shift of the optical carrier. This produces an AM component at the 
photodetector at the modulation frequency. By using an RF mixer, the 
amplitude and sign of this AM component can be converted to a DC error 
signal proportional to the frequency difference between the optical carrier and 
the resonance of the Fabry-Perot interferometer.
The slope of the error signal (volts/Hz) determines the output voltage for a 
given change in frequency between the incident light and the Fabry-Perot 
resonance. It is derived by Day et al17 and is given by:
Dv = 8 Rv Pi Jo(ß) Ji(ß)/5vc (2.40)
where Rv is the optical-to-voltage responsivity of the detection system 
(including the mixer and subsequent amplifiers) in volts /watt, Pi is the 
effective input power in watts, ß is the phase modulation depth of the EOM in 
radians, 5vc = c/(2 L F) is the interferometer linewidth, L is the length of the 
interferometer and F is the finesse of the interferometer.
2.7 Spectrum analyser operation.
The basic receiver used to make measurements in this thesis is the RF spectrum 
analyser. The operation of this device is fundamental to all measurements of 
signal-to-noise ratio and noise spectra alone. It is therefore necessary to obtain 
a basic understanding of the operation of a spectrum analyser.
A simple schematic diagram of a generic spectrum analyser operating as an RE 
power detector is shown in Fig (2.9). This diagram, while not physically 
accurate, indicates the basic operations of a spectrum analyser. The purpose of 
the front end low pass filter (LPF) is to filter out any signals at, or above the
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local oscillator frequency range, before reaching the mixer. This prevents any 
spurious signals from appearing at the IF frequency (the RBW filter is centred 
on the IF frequency). The ramp generator scans the VCO across a wide 
frequency range. At each LO frequency, there is a unique input frequency that 
is shifted to the IF frequency and allowed through the resolution bandwidth 
(RBW) filter. An envelope detector samples the peak signal appearing at the 
RBW output. A logarithmic amplifier then converts this linear baseband signal 
to logarithmic scale before the low pass video filter (VBW) smooths the signal. 
The output of the VBW filter drives the vertical deflection of the CRT display 
(horizontal deflection is by the ramp generator).
In the presence of a deterministic signal, the mixer shifts the signal frequency to 
the RBW frequency as the LO is scanned, and the envelope detector records the 
peak signal voltage V Sig . The analyser then scales this peak value by 1/V2 (- 
3dB) to convert it to an RMS value. The logarithmic amplifier can then convert 
the RMS value to dBm, to be filtered and then displayed on the CRT.
Figure 2.9: A simple schematic diagram of the operation of a spectrum analyser when 
operating as a power detector.
Envelope L°9 Detector Amplifier
Signal 
generator 
(VCO)
Ramp generator
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In the presence of broad band noise three systematic errors occur40:
# The analyser measures the peak voltage and infers a mean of 1/V2,  
while this is valid for sinusoidal signals it is in error by 1.05dB for Rayleigh 
distributed noise (Rayleigh distributed noise is the result of input Gaussian 
noise being band limited by the RBW filter).
# Feeding the noise through a logarithmic amplifier further distorts the 
noise distribution producing a skewed Rayleigh distribution. This produces a 
further error in the estimated mean of 1.45dB.
# The RBW filter width is typically the signal 3dB width. The noise 
equivalent bandwidth is typically 1.05 to 1.13 times greater than the signal 
bandwidth. This effect results in a error in the mean of between -0.21 to 
-0.53dB, depending on the actual filter used.
The overall result of these effects is to systematically under estimate the mean 
noise level by approximately 2dB (1.05 + 1.45 - 0.5 =2dB for the HP8568b 
spectrum analyser used in this thesis). When making signal-to-noise 
measurements this error in the mean noise has a varying effect, depending on 
the displayed signal-to-noise ratio. For large signals (more than 20dB above 
the background noise), the measured signal-to noise ratio on the HP8568b must 
be reduced by 2dB. For small signals (S/N ~ 1) the correction required for the 
FIP8568b analyser signal-to-noise ratio is approximate 0.4dB and can often be 
ignore.
The RBW  and VBW  filters in the presence of broadband noise
The RBW filter determines the system bandwidth for power measurements, 
while the VBW determines the amount of averaging performed on a given 
power measurement (leaving the mean unchanged). These two effects are 
clearly evident in the analyser traces of Fig (2.10).
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Figure 2.10A: The spectrum analyser traces resulting from constant input noise 
spectral density with differing RBW bandwidth's and constant VBW bandwidth, (a) 
RBW = 3MHz, (b) RBW = 1MHz, (c) RBW = 300kHz. All traces recorded with VBW = 
10kHz.
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Figure 2.10B: The spectrum analyser traces resulting from constant input noise
spectral density with differing VBW bandwidth's and constant RBW bandwidth, (a) 
VBW = 30kHz, (b) VBW = 300kHz, (c) VBW = 3MHz all traces recorded with RBW =3 
MHz.
- 4 5 -
- 5 0 -
- 5 5 -
- 6 5 -
- 7 0 -
- 7 5 -
Frequency in MHz
500
Chapter 2: Basic Physics of Quantum Noise Limited Interferometry 28
Fig. (2.10A) demonstrates that the mean power recorded on a spectrum 
analyser is proportional to the resolution bandwidth. Traces (a) and (c) differ 
by lOdB while their RBW differs by a factor of ten. Another subtle feature of 
noise measurements is also evident from Fig (2.10A); the standard deviation, 
relative to the mean decreases with increasing noise power. This is due to the 
noise being approximately Gaussian* and so the standard deviation is 
proportional to the square root of the mean. Hence a relative plot, such as a 
dBm analyser plot, will show a relative deviation that scales as 1/V(mean).
Figure (2.10B) demonstrates the effects of a changing video filter (constant 
resolution bandwidth and hence constant mean detected power). As can be 
seen, the mean power is constant however the deviation from the mean scales 
proportional to the inverse of the video filter bandwidth.
2.8 Basic servo theory.
The properties and performance of servo systems will be analysed repeatedly 
in this thesis. Fig (2.11) defines the basic topology of a simple servo system; 
G(s) is the plant while H(s) is the feedback mechanism. The response of the 
system can be analysed as follows: the signal at the output of the summing 
node is given by
V' = Vin-G(s)H(s)V/ (2.41)
Noting that Vout = G(s) V" and reorganising equation (2.41) gives
Vout = Vm G (s)/[1 + G(s) H(s)] (2.42)
If Vin includes a fluctuating noise term Na, then the effect of the feedback is to 
reduce the fluctuations at the output from Na x G(s) to Na x G(s) /  [1 + G(s) 
H(s)]. If the loop gain G(s) x H(s) is much larger than unity then the noise 
suppression of the feedback is approximately 1/H(s). When the loop gain 
approaches unity, the denominator in equation (2.42) can become larger than 
one as both G(s) and H(s) are, in general, complex functions. The effect of 
feedback, under these conditions, is to amplify input fluctuations.
A distorted Rayleigh distribution is seen on the analyser screen. Even so the standard 
deviation is still proportional to the square root of the mean (not equal as in the Gaussian case).
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Figure 2.11: The basic topology of a simple feedback system.
If noise Nb is injected into the feedback element H(s) its effect can be analysed 
by propagating the noise through H(s), changing its sign and injecting the 
equivalent noise into the input port. This gives an output noise of41
N 0ut(b) = - N b G(s) H(s)/[1+G(s) H(s)] (2.43)
The total noise from both N a and N b, appearing at the output is given by:
Ntotai =  [N a - N b H(s)] G (s)/[1 + G(s) H(s)] (2.44)
If the loop gain G(s) H(s) is much larger than unity then the output noise 
contribution from Nb is approximately Nb, so noise injected at the input to the 
feedback system appears unsuppressed with a sign change at the output.
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Chapter 3
Practical Aspects of Photodetectors and Lasers
This chapter will document the performance of two basic elements of all 
subsequent interferometer experiments: photodetectors and lasers. The chapter 
starts with a brief description of the three photodetector types used in this 
thesis. We document the frequency response and noise performance of these 
detectors. Details of design and performance of all three photodetectors are 
given in Appendix A.
We then investigate the intensity noise performance of monolithic, diode 
pumped, Nd:YAG, ring lasers, used in all subsequent experiments. This 
investigation concludes that the principle source of intensity noise is due to 
resonant relaxation oscillations in the laser and that this noise process can be 
accurately modelled as a simple second order system response to white noise. 
An experiment, using electro-optic feedback to stabilise the intensity noise of 
these lasers is then reported. The fundamental limit of residual noise for an 
electro-optic intensity stabilisation system is derived and compared to our 
stabilised laser performance. Our feedback system approaches to within 3.1 dB 
of this limit over most of its operating bandwidth.
The frequency noise of our lasers is then investigated using two techniques; by 
performing an RF beat note measurement between two lasers, and by locking a 
Fabry-Perot interferometer to the laser frequency. The beat note measurement 
provides broadband information on the total laser electric field (including both 
AM and FM sidebands) while the Fabry-Perot measurement provides data on 
the frequency noise (FM sidebands) only. This chapter finishes with several 
suggestions for frequency stabilising a monolithic, diode pumped, Nd:YAG, 
ring laser
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3.0 Perspective.
Intensity noise
Relaxation oscillations in solid state lasers is a widely known and much studied 
phenomena. Yariv42, for instance, treats the process as a simple, noise driven 
second order system.
In relation to miniature, Nd:YAG, diode-pumped, monolithic, ring lasers 
Kane18 first demonstrated that electro-optic feedback could be used to 
effectively eliminate the relaxation oscillation intensity noise structure. Since 
then a number of experiments have been performed to reduce intensity noise in 
various parts of the intensity spectrum. Tsubono et al43 report shot noise 
limited stabilisation at low frequencies, while Rowan et al44 demonstrate a dual 
loop topology to achieve broadband noise suppression.
Campbell et al45 demonstrate that within the limits of their experimental 
accuracy, electro-optic intensity stabilisation has no discernible effect on the 
frequency noise features of their laser.
The relaxation oscillation investigation reported here uses the second order, 
noise driven description developed by Yariv42 to accurately model the noise 
dynamics of our Nd:YAG laser (Lightwave 120).
Our intensity stabilisation experiment is similar to that of Kane and Rowan et 
al, however through careful design of the feedback system we are able to 
achieve noise suppression that approaches the shot noise limit across a 
broadband (~ 10kHz to ~ 1MHz).
By performing a laser beat measurement, we demonstrate that our intensity 
stabilisation system has no measurable effects on the frequency noise structure 
of our laser.
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Frequency noise
A number of researchers have reported on the frequency noise of the 
miniature, Nd:YAG, diode-pumped, monolithic, ring lasers used here. 
Fritschel et al29 derive the laser frequency noise for frequencies 200Hz to 1kHz 
by locking the laser to a Fabry-Perot reference cavity. Sampas et al46 measure 
the long term frequency stability by recording the beat note of two 
independent lasers locked to two different reference cavities.
A number of highly successful experiments have been performed to stabilise 
the frequency of miniature, Nd:YAG, diode-pumped, monolithic, ring lasers. 
Day et al17 reports on achieving a relative linewidth of ~ 700 milli Hz, while 
Arie et al47 reports on absolute frequency stabilisation to an iodine transition.
The frequency noise measurements performed here merely document the 
frequency noise structure on our laser in the range ~ 10kHz to 100kHz. No 
attempt is made to stabilise the frequency however a number of observations 
are made based on the noise structure present and the means of controlling the 
instantaneous frequency of our laser.
3.1 Photodetector performance.
Three basic types of photodetector were developed for this project. Table (3.1) 
briefly documents the main performance characteristics of all three detectors.
The remaining work of chapter 3 (excluding the laser beat frequency 
experiment of section 3.4) used the transimpedance detectors (both the ETX-500 
and the FND-100 versions) as zero phase delay from DC to 20MHz was 
required. Chapter 4, dealing with direct detection interferometry, and the first 
part of chapter 5, dealing with internal modulation interferometry, used the 
transformer coupled detectors due to their low noise performance. The laser 
beat frequency experiment of section 3.4, the last section of chapter 5 (section 
5.3, dealing with nonstationary shot noise) as well as chapters 6 (external 
modulation) and 7 (external modulation with power recycling) used the 
broadband ac-coupled detectors as a low noise frequency response up to 
~ 250MHz was required.
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A ppendix A docum ents the circuit schematics and plots the m easured 
frequency response of all three detector types.
Table (3.1): Summary of the performance of detectors developed for this thesis.
Photodetector
type
Photodiode amplifier
(coupling)
Bandwidth
(3dB)
NEP* 
(pW/VHz)
broadband ETX-500 MAR-6 8....250 MHz 13
ac-coupled ETX-300 (ac-coupled) 8....700 MHz 13
transformer-
coupled
PD7006 MAR-6 
(transformer 
TMO 9-1* )
2....30 MHz 5
transimpedance ETX-500 CLC-425
(dc-coupled)
dc....200 MHz 12
FND-100 CLC-401
(dc-coupled)
dc.....100MHz 260*
3.2 Laser intensity noise characterisation.
Laser intensity noise can be characterised by using the relative intensity noise 
definition of equation (2.32) or by the closely related quantity AP/P:
A P(f)/P = in(f)/Idc
= V(RIN) (3.01)
* The uncertainty in Noise Equivalent Power measurements is approximatly ± 1 pW/VHz.
* The TMO 9-1 transformer has a windings ratio of 3:1.
* The FND-100 transimpedance detector has a higher NEP than the ETX-500 transimpedance 
detector due to the lower responsivity of the silicon detector (FND-100) when measured in 
amps/W at 1064nm. Also the CLC-401 amplifier is significantly more noisy than the CLC-425. 
Note that the FND-100 based detector was developed before the ETX-500 detector due to a 
delay in component arrivals necessary for the ETX-500 detector.
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where in(f) is the spectral density of photocurrent noise. AP/P is the fractional 
change in optical intensity occurring in a bandwidth of 1Hz, at frequency f. 
The AP/P of a shot noise limited optical source is therefore given by the square 
root of equation (2.33):
AP/P sh o t noise = (2 e /p P o p t)^ ^  (3.02)
The intensity noise (AP/P) of a laser is therefore measured by illuminating a 
photodetector and recording the DC output voltage and the RF noise power 
spectrum (on a spectrum analyser). The RF power level recorded at the 
spectrum analyser is then converted to an RMS voltage/VHz at the detector 
output. The ratio of the RMS voltage/VHz to the DC output voltage then gives 
AP(f)/P.
The intensity noise, (AP/P) of a Nd:YAG, diode pumped, monolithic, ring 
laser48'49'50 manufactured by Laser Zentrum Hanover (LZH) is plotted in Fig. 
(3.1), trace (a). For comparison, the intensity noise of a shot noise limited, white 
light of equal photocurrent (Idc = 1.5mA) is plotted in Fig. (3.1), trace (b).
Three types of noise can be distinguished in the intensity spectrum of a 
Nd:YAG laser. At very low frequencies intensity modulations due to technical 
imperfections, such as vibrations, dominate the spectrum. Resonant relaxation 
oscillations typically dominate the spectrum from audio frequencies up to 
several MHz with a strong resonant component located at 300 kHz for this 
particular laser (Fig. (3.1) trace (a)). Shot noise produces a white, uniform noise 
floor at all frequencies and dominates the spectrum above 5MHz (where traces 
(a) and (b), Fig. (3.1) merge).
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Figure 3.1: (a) the intensity noise of an ND:YAG, diode-pumped, monolithic, ring laser, 
(b) the intensity noise of a shot noise limited light source with equal photocurrent, 
I DC = 1.5mA.
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The basic mechanism producing the resonant relaxation oscillation is an 
interplay between the population inversion of the laser medium and the electric 
field in the laser cavity. If there is noise on the pump mechanism of the laser, 
then there is small scale fluctuations in the population inversion. If the pump 
level is increased, the population inversion will also increase. This causes an 
increase in the cavity electric field via stimulated emission. The increased 
cavity field then extracts more photons from the population inversion 
(stimulated emission is proportional to the electric field intensity) and this in 
turn depletes the population inversion. The reduced population inversion then 
causes a reduced cavity electric field etc. The driving function for this 
resonance is usually the noise on the pump mechanism and as we are 
considering diode pumped lasers, pump noise must be at least the shot noise 
level of the pump laser.
The resonant relaxation oscillation mechanism has been modelled as a simple 
second order resonance by Yariv42 (among others). This approach leads to the 
following second order frequency response:
-1/t (r-1) R(co)
Q(co) = -------------------------------
(co -com-i a) (co +com-i a) (3.03)
where Q(co) is the output intensity noise spectral density, x is the life time of the 
atomic lasing transition, r is the pump rate relative to the lasing threshold, R(co) 
is the noise function driving the oscillation, com is the resonant frequency and a 
is the damping constant. From Yariv42, it is shown that
[(r-DAtct) ] 1/ 2
= [Pout/(PstcX)] 1/2 (3.04)
and
a  = r/2x (3.05)
where tc is the photon life time in the laser cavity as defined in equation (2.21), r 
is the pump rate relative to threshold and we have used the standard laser 
equation42
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Pout = (r-l)Ps (3.06)
where Ps is the spontaneous light emitted by the laser at threshold.
Using another diode-pumped, monolithic, Nd:YAG ring laser48'49'50 
(LightWave 120), the laser intensity noise was recorded for various pump rates. 
The results are plotted in Fig. (3.2). The resonant frequency com can be read 
directly from Fig. (3.2) while the damping constant a can be determined from 
the width of the resonance peaks. The results are given in Table (3.2).
The data of Table (3.2) can be used to determine all the necessary parameters 
governing the laser relaxation oscillation. Equation (3.04) can be reorganised to 
give:
Pout Ä Ps tc x (3.07)
Using the data of columns 1 and 2, Table (3.2), we can determine the constant 
Pstc x = 5 x l 0 -15 (the slope of the line of best fit for Pout plotted as a function of 
G>m2 )-
Substituting equation (3.06) into equation (3.05) gives:
a = (Pout /Ps + D/2 x (3.08)
Reorganising equation (3.08) gives:
Pout = 2 x Ps a  - Ps (3.09)
Plotting Pout verses a, for the data from Table (3.2) gives Fig. (3.3a). This can be 
used to determine the slope of the line of best fit; 2 x Ps = 7.5 x 10~7. Using the 
standard value of x = 230 x 10~6 seconds for Nd:YAG ( see Siegman51) gives 
Ps = 1.6mW. The photon decay time is then tc = ~ 5 x 10-15 /P sx = ~ 15 x 10~9 
seconds corresponding to a cold cavity line width of ~ 10.7MHz.
Equation (3.05) can now be reorganised to give r (the pump rate relative to 
threshold) for the laser at each power. These values are listed in column 4 of 
Table (3.2).
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Table 3.2: data tabulated from Fig. (3.2). Note that columns 1 and 2 are direct 
measurements while columns 3 and 4 are inferred values based on the data of columns 
1 and 2 and the width of the resonant peaks of Fig. (3.2).
Laser output
trace No, power
fm a
(inferred)
r
(inferred)
a = 1.3 mW - -
b = 2.7 mW 135kHz 6000 5.5
c = 6.0 mW 195kHz 10000 6.4
d = 10.0 mW 250kHz 16000 7.8
e = 20.0 mW 330kHz 30000 15.1
f = 30.0 mW 400kHz 44000 21.6
g = 40.0 mW 450kHz 58000 26.7
h = 47.0 mW 475kHz 68000 32.2
Using the experimentally determined values of tc and Ps we can predict the 
relaxation oscillation frequency based on the measured values of Pout- By 
comparing the predicted oscillation frequencies with the measured values we 
can then determine the accuracy of the second order model. This comparison is 
made in Fig. (3.3b) where it is seen that the simple, second order model is in 
reasonable agreement with the experimental results. Note that the largest 
source of error in this experiment is most probably due to the measure of the 
spectral width of the resonant relaxation oscillation peaks. This error is 
transferred directly to the estimated values of a  for each data point. These 
errors are the most likely cause of the discrepancies evident in Fig. (3.3b).
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Figure 3.2: Laser intensity noise for the Light Wave 120 laser for (a) Laser power = 
1.3mW, (b) Laser power = 2.7mW, (c) Laser power = 6.0mW, (d) Laser power = lOmW, 
(e) Laser power = 20mW, (f) Laser power = 30mW, (g) Laser power = 40mW, (h) Laser
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Figure 3.3A: Laser output power versus the second order damping constant a.
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Figure 3.3B: The resonant relaxation oscillation frequency plotted as afunction of laser 
output power. Solid line is the measured data while the error bars are the predicted 
values based on the second order model parameters. Note that all errors have been 
transfered to the predicted data points for this comparison.
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3.3 Stabilisation of a Nd:YAG laser.4
In section 3.2 we documented the intensity noise performance of a diode- 
pumped, monolithic Nd:YAG ring laser. We showed that to a good 
approximation, the resonant relaxation oscillation mechanism can be 
considered as a simple second order, noise driven system. This system 
description can then be used to design a servo feedback loop to suppress the 
resonant relaxation oscillation and associated noise. Equation (3.03) shows that 
the output noise Q(co) is directly proportional to the driving noise term R(co). 
For our laser, the dominant, driving noise term is the intensity noise of the 
pump diode laser. At frequencies below the relaxation oscillation resonance, 
equation (3.03) can be approximated to Q(co) = k R(co) where k is a frequency 
independent constant. In this frequency regime the Nd:YAG laser is very 
susceptible to intensity modulation on the pump laser. We found that mode 
competition noise on the pump laser could easily change the Nd:YAG noise 
output by 10 to 20 dB for the same average pump intensity. A quieter 
performance could be expected if a single mode, low noise diode laser was 
used for pumping.
Theoretical calculations however, show that the relaxation oscillation remains 
even if the Nd:YAG crystal is pumped by a shot noise limited laser52. 
Furthermore, the noise level at frequencies below the relaxation oscillation 
resonance does not reduce to the shot noise level. It is therefore necessary to 
use an active feedback control system, rather than a passive, quiet pump source 
in order to substantially reduce the intensity noise.
Our feedback control system samples a small fraction of the light emitted by 
the Nd:YAG laser and converts this signal into a change of the drive current of 
the diode laser. This causes an intentional modulation of the laser light emitted 
from the diode laser that is pumping the Nd:YAG laser, and hence a resultant 
modulation of the Nd:YAG laser light is produced. The response of the phase 
and gain (with respect to the frequency of an injected signal) for this feedback 
loop must be carefully designed in order to avoid noise amplification and to 
keep the loop stable.
4 The laser stabilisation work reported here was a joint experiment performed by Charles 
Harb and the author. This work has been published, see ref [19].
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Our servo loop has two unity-gain points: one at low frequencies ( <100 Hz) 
from AC coupling of the detected photocurrent, since we don't want to affect 
the DC operation of the diode laser; and the other at a frequency above the 
relaxation oscillation frequency of the free running laser. The exact 
performance can best be judged from a Nyquist plot, where for stable operation 
the maximum phase lag at the two unity gain points has to be less than 360° 40. 
The presence of the resonant relaxation oscillation makes this task more 
difficult since it introduces a 180° phase shift at the relaxation resonance 
frequency (equation (3.03) gives a 180° phase delay as co is increased through
^m)-
A technical problem that was solved was the control of the diode laser drive 
current. Conventional current supplies are filtered to protect against transients, 
and thus introduce delays and phase shifts to the control signal. In our current- 
control system we injected the control signal after these filters, thereby 
minimising additional phase shifts and even partially compensating for them 
by means of a phase lead built into our electronic circuit.
The laser system used in this stabilisation experiment was developed and 
manufactured by LZH. It is a diode-pumped, monolithic, Nd:YAG ring 
oscillator that produces 350 mW of output power at 1064 nm when pumped by 
1 W from the diode laser array. It is based on the same monolithic, 
unidirectional, Nd:YAG crystal design48'49'50 as the LightWave 120 and 122 
lasers used elsewhere in this thesis.
Both the diode laser and the Nd:YAG crystal have been actively temperature 
stabilised by Peltier modules to ensure that the laser frequency drifts are 
minimal. Temperature control of the Nd:YAG frequency is necessary to avoid 
mode hops of the Nd:YAG laser. Temperature control of the diode laser is 
essential for several reasons: temperature induced mode hopping of the diode 
laser output can induce gross intensity fluctuations of the output of the 
Nd:YAG laser; the average output power of the Nd:YAG laser can change due 
to variations in the pump absorption; and ultimately the laser can fail if the 
laser diode overheats.
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The experimental arrangement, shown in Fig. (3.4A), is used to control and 
monitor the noise of the laser. In this experiment we independently monitor in­
loop and out-of-loop noise of the Nd:YAG laser with photodetectors PD1 (in­
loop) and PD2 (out-of-loop). PD1 generates the error signal for the control loop 
which adds a correction current to the current driving the diode laser. These 
detectors use EG&G FND-100 silicon photodiodes and the transimpedance op- 
amp circuit of Fig. (A.8) (CLC-401 Op-Amp version). The combined optical 
shot noise and electronic noise exceeded the pure electronic noise by 4 dB with 
1.5mA photocurrent (corresponding to approximately 17mW light at 1064nm) 
as used in Fig. (3.4).
An important point to note is that the current is injected directly at the diode 
laser to minimise any time delays. We inject the correction signal into the 
current using the drive circuit shown in Fig. (3.4A). This circuit consists of a 
buffer (Harris HA 5002) followed by a 50£1 resistor in parallel with a 4.7 nF 
capacitor, followed by a 4.7 pF capacitor, which AC couples the injected signal. 
This combination was used because it gave a wide bandwidth (= 10 Hz to = 5 
MHz) for the light emitted by the laser diodes, without phase and amplitude 
degradation, and some phase advance between = 2 MHz and 5 MHz.
It is not possible to determine directly whether or not the injected signal 
interacts with the current source because we are unable to access the current 
directly. However, we can show that an injected signal has the same dynamic 
response when injected into two different types of current sources which have 
different output stages. Thus, we confirm that the current supply has a high 
impedance with respect to the injected signal in comparison to the diode laser .
We investigated the noise output from the diode laser (Npump in Fig. (3.4B) and 
found that it has a noise floor that is much higher than the shot noise (more 
than 50 dB), and is white in nature. Comparisons of the noise output of the 
diode laser using two different power supplies and also comparisons with 
different lasers show that the dominant noise source is the diode array itself. It 
appears that the light emitted from each of the individual laser sections in the 
array beats together to give the observed noise floor.
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Figure 3.4A: Schematic of the experimental arrangement. The main components are the 
diode laser current supply; the diode laser; the Nd:YAG; two photo-detectors (PD1 & 
PD2) to be used in the control loop and as an out-of-loop monitor; an electronic PID 
servo system; and a drive circuit to feed the correction current into the current of the 
diode laser. Signals are injected into the loop at points A & C to measure the transfer 
functions of the loop.
Nd:YAG 
350mW at 
1064nm
Diode Laser 
1W at 810nm
Diode Laser 
Current Supply
+1.8V
Beam Splitter
Spectrum
Analyser
Figure 3.4B: Simplification of Fig. (3.4A) using standard control theory topology. Note 
that G, in this case, represents the diode pump laser and the Nd:YAG crystal. H 
represents the PID electronics and the drive circuit for the diode laser. The shot noise 
on photodetectors PD1 and PD2 is uncorrelated and so is modelled as simple noise 
terms injected into the feedback system (PD1) and into the detected output light (PD2).
beam
splitter iNb(shot)
- x —Ly-Sl PD2
M Na(shot)
w
v  PD 1
in loop
spectrum
analyser out of loop
Chapter 3: Practical Aspects of Photodetectors and Lasers. 46
It is worth noting that our measurements showed a large phase uncertainty 
(greater than 20 degrees for some input frequencies) of the diode laser output 
signal (point B, Fig. (3.4A)) with respect to the input current (point A, Fig. 
(3.4A)) in the frequency range between 10 Hz and 1 kHz. As the total system 
has a large phase margin at these frequencies (see Fig (3.7)) the phase 
uncertainty did not cause any noticeable effects on the feedback system. The 
reason for these phase variations is not clear, however diode laser mode 
competition is a likely cause.
A measurement of the transfer function from point A to point C in Fig. (3.4A) is 
shown in Fig. (3.5). This measurement is for the conversion of an injected 
signal into the drive circuit to light output of the Nd:YAG and includes the 
diode laser light output as an intermediate stage. The gain and phase changes 
at frequencies below 1 kHz are predominantly due to the high-pass filter of the 
drive circuit (the 4.7jiF in series with the 50£2 resistor). The gain near the 
relaxation oscillation frequency is large (up to 35 dB greater than at other 
frequencies) and the phase changes by 180 degrees across the resonance. 
Beyond the relaxation oscillation the phase is advanced by the drive circuit 
(that is the 50Q resistor in parallel with the 4.7 nF capacitor) resulting in a 
combined gain rolling of as 1/f. This final phase advance was placed into the 
circuit to provide an adequate phase margin at the unity gain point.
We designed an electronic control PID (Proportional-Integrating-Differentiator) 
that has the transfer function shown in Fig. (3.6). This servo is placed between 
the photodetector (point C, Fig. (3.4A)) and the drive signal circuitry (point A, 
Fig. (3.4A)). We used two non-inverting amplifiers (Comlinear CLC-401) in 
series to get sufficient gain at frequencies greater than 1 MHz. The non­
inverting configuration was chosen because the amplifiers have a larger gain 
bandwidth in this configuration.
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Figure 3.5: The transfer function for the optical and photodetection section from points 
A to C in Fig. (3.4A), showing the gain and phase response as a function of frequency. 
The phase difference is a measure of the lag of the output signal with respect to the 
input.
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Figure 3.6: The transfer function for the PID servo section from C to A in Fig. (3.4A), 
showing the gain and phase response as a function of frequency. The phase difference 
is a measure of the lag of the output signal with respect to the input.
50 10 10 4 , 10 5 
Frequency {Hz}
10 6 5x10 6
Chapter 3: Practical Aspects of Photodetectors and Lasers. 49
This PID contains a high-pass filter with a corner frequency at approximately 
70 Hz in order to block the DC photocurrent. It has a high proportional gain 
(greater than 50dB) from 200 Hz to = 50 kHz. It has a low-pass filter, with 
corner frequency » 300 kHz, that is included in the circuit to reduce the high 
frequency gain. This is followed by a small proportional section between 900 
kHz and 2 MHz. Finally, it has a high frequency differentiating stage that is 
used to advance the phase of the loop at frequencies above 2MHz.
The total open loop characteristics, measured from point A to point A in Fig. 
(3.4A), is shown in Figures (3.7) and (3.8). Here we show the loop 
characteristics in a Bode diagram (gain and phase versus frequency, Fig. (3.7)) 
and a Nyquist diagram (the complex contour of the Bode information, Fig. 
(3.8)) to illustrate the properties of the loop.
The Bode diagram for the loop is measured experimentally; it agrees with the 
product of the transfer functions presented in Figures (3.5) and (3.6) of the 
individual sections of the loop. This diagram allows us to explicitly see the 
gain and phase variations as a function of frequency. It is a useful tool in 
designing the electronic control loop, however it does not easily show us the 
stability of the loop. The Nyquist diagram allows us to analyse the stability in a 
simpler from. The theoretical noise suppression achieved by the feedback loop 
is given by (see section 2.8 for details):
S(f) = l/[l+G(f)H(f)] (3.10)
where S(f) is the noise suppression factor and G(f) H(f) is the complex open 
loop gain. Note the convention to show in a Nyquist diagram the gain with the 
opposite sign compared to those in Bode plots. On the Nyquist diagram S(f) 
corresponds to the distance from the point (-1,0) (called the instability point) to 
the curve traced out by the open loop gain. The loop will be stable as long at 
the point (-1,0) is not enclosed by the curve. Furthermore, the loop noise will 
be increased at all frequencies within a circle of radius 1 around the point (-1,0). 
We can then quickly deduce from Fig. (3.8A) that the maximum noise 
suppression is around the relaxation oscillation frequency (300 kHz). Also, the 
loop is stable because the point (-1,0) is not encompassed (Fig. (3.8B)). Finally, 
there will be an increase in the noise at frequencies greater than = 1 MHz.
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Figure 3.7: The transfer function for the complete loop (from A to A in Fig. (3.4A)) 
showing the gain and phase response of the loop as a function of frequency. The phase 
difference is a measure of the lag of the output signal with respect to the input.
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Figure 3.8: (A) Nyquist diagrams of the control loop. Maximum gain is at 300kHz and 
in the negative-negative quadrant of the complex plain. (B) An expansion of (A) about 
the origin to show the instability point (-1,0). (B) shows that the instability point is not 
encompassed by the loop, hence the loop is stable. It also shows that the loop enters the 
unit circle around (-1,0) for frequencies above = 1MHz, and consequently there will be a 
noise increase at these frequencies.
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Results demonstrating the noise suppression performance of the feedback loop 
are shown in Figures (3.9), (3.10), (3.11), and (3.12). Figure (3.9) shows the 
photocurrent noise power as measured by the HP8568B spectrum analyser, and 
is scaled in dBm. Figures (3.10), (3.11) and (3.12) show the spectral density of 
the intensity noise (AP/P /VHz) for the free running laser, stabilised laser and 
the shot noise.
Figure (3.9) shows that there is a large reduction in the noise level at 
frequencies below = 1 MHz, and an increase in the noise of the laser system at 
frequencies above ~ 1 MHz. These results are in agreement with the 
conclusions drawn from the Nyquist diagram. The noise floor between 1 and 5 
MHz is raised to a maximum of 12dB above the combined electronic and shot 
noise level, which is equivalent to a spectral density of the intensity noise of 
9 x 10'8/VHz. Above 5 MPiz the laser noise is unaltered by the feedback loop.
Figure (3.10) shows the noise suppression below the relaxation oscillation 
frequency, from 10 to 300kHz. It illustrates that the noise has been uniformly 
suppressed to a spectral density of 3 x 10'8 /VHz. This is 6.1 dB above the shot 
noise level and 3.1 dB above the theoretical limit (derived below) for the noise 
suppression achievable for a system containing both shot noise and technical 
noise53'54, in close agreement with Rowan et al44 and Tsubono et al43.
Figures (3.11) and (3.12) show the very low frequency range below 10 kHz. Fig. 
(3.11) shows that the noise level for the stabilised laser is suppressed to 
6 x 10"8/VHz or better for frequencies above 2kHz. Below 10kHz there are two 
factors reducing the effectiveness of the feedback loop. Firstly there is a 
reduction in gain due to the AC coupling, and secondly there is an increase in 
the noise of the photodetector and amplifier (1 /f noise). This excess noise is 
generated inside the feedback loop and reduces the performance of the 
stabilisation for a fixed feedback gain. However, we are still able to observe 
that the noise in this range is reduced to less than 1 x 10_7/VHz between 300 Hz 
and 1kHz (Fig. (3.12)). Below = 300 Hz the spectrum analyser (HP8568B) 
resolution is in question, and so it is difficult to be confident of the true 
performance.
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Figure 3.9: Shows (a) the noise output of the free running laser system, (b) the noise 
output with feedback control, (c) a superposition of electronic noise and shot noise for 
identical photocurrent as in (a) and (b), & (d): the electronic noise floor of the detection 
system. The measurements were taken under the following conditions: Resolution BW 
= 10kHz; Video BW = 1kHz; Current through out-of-loop photodetector = 1.5mA; 
Power on out-of-loop photodetector = 17.5mW; Power out of laser = 260mW; Current 
through in-loop photodetector = 1.65mA; Power on in-loop photodetector = 22.5mW.
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Figure 3.10: (a) the noise output of the free running laser system, (b) the noise output 
with feedback control, (c) the shot noise level for an equivalent Poissonian photocurrent 
(the electronic noise has been subtracted from the three curves). Under these 
measurement conditions the average electronic noise level was recorded by the 
spectrum analyser at -88.2dBm, and the quantum noise level was at -85dBm. The 
measurements were taken under the same conditions as Fig. (3.9) except the Resolution 
BW = 1kHz.
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Figure 3.11: (a) the noise output of the free running laser system, (b) the noise output 
with feedback control, (c) the quantum noise level for an equivalent Poissonian 
photocurrent (the electronic noise has been subtracted from the three curves). Under 
these measurement conditions the average electronic noise level was recorded by the 
spectrum analyser at -93.3dBm, and the quantum noise level was at -90.8dBm. The 
measurements were taken under the same conditions as Fig. (3.9) except the Resolution 
BW = 100Hz; Video BW = 100Hz; and the current through out-of-loop photodetector = 
1.75mA.
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Figure 3.12: Shows (a) the noise output of the free running laser system, (b) the noise 
output with feedback control, (c) the noise level from a white light measurement (the 
electronic noise has been subtracted from the three curves). Under these measurement 
conditions the electronic noise level was recorded by the spectrum analyser at 
-95.5dBm, and the quantum noise level was at -94.9dBm. The measurements were taken 
under the same conditions as Fig. (3.9) except the Resolution BW = 10Hz and the Video 
BW = 10Hz.
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It is worth noting that the fundamental noise floor of a laser with active 
feedback control is not given by the shot noise of the out of loop beam, as the 
control system will always introduce excess noise53'54. Also, equation (3.10) is 
no longer sufficient once the suppressed intensity noise approaches the shot 
noise limit. Under this situation, all noise terms in Fig. (3.4B), including the in 
loop shot noise Na, must be evaluated for their effect on the output noise level. 
Using equation (2.44), the total output noise level can be expressed as:
Niotai = Nb + Na G H /(l + G H) + Npump G /(l + G H) (3.11)
where N a and Nb are the shot noise on the in loop and out of loop detectors 
respectively and we have ignored the sign change of the in loop shot noise term 
as the phase of uncorrelated noise is irrelevant.
If the loop gain is large, as it is for our system (see Fig. (3.6) for example) then 
equation (3.11) can be simplified to
Niotai = Nb + Na (3.12)
where we have assumed that G H /(l + G H) => 1 and the suppressed pump 
noise can be ignored. Using equation (2.28), equation (3.12) can be expressed as
Niotai = 2 e i i B + 2 e i 2B (3.13)
where ii and i2 are the DC photocurrents of detectors 1 and 2 and B is the 
detection bandwidth. Dividing equation (3.13) by the shot noise on the output 
of the out of loop detector gives the minimum excess noise caused by the 
feedback loop relative to the out of loop shot noise:
ANoise = 10 Logio (1 + ii/i2) (3.14)
For our experiment (ii/i2) * 1 and so we expect a minimum excess noise of 3dB. 
Consequently our intensity control system came to within 3.1 dB of this limit. 
The excess 3.1dB can be explained by noting that the in loop detector not only 
injects uncorrelated shot noise but also uncorrelated electronic noise. This 
excess electronic noise on the in loop detector is transferred to the out of loop 
signal via the same feedback mechanism as occurs with the shot noise* .
* Note that the intensity stabilisation experiment was performed with the FND-100, CLC-401 
based transimpedance detector. The effect of in-loop electronic noise could have been greatly 
reduced if the ETX-500, CLC-425 photodetector had been used.
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3.4 Laser frequency noise characterisation.
The beat note spectrum
A laser beat note, or optical heterodyne measurement consists of 
interferometrically combining two laser beams on a single detector55. The 
resulting intensity at the photodetector is given by:
Idet = [Ei(t) + E2(t)][E1(t)* + E2(tr]
= Ei(t) Ei(t)* + E2(t) E2(tr + Ei(t)E2(t)* + E2(t) Ea(t)* (3.15)
where Ei and E2 are the electric fields of lasers 1 and 2 respectively. The first 
two terms represent the average optical power incident on the photodetector as 
well as the sum of the intensity sidebands of each laser shifted to baseband. 
The last two terms represent the convolution of the two laser field spectra 
(using the convolution theorem56 to transform a time product to a frequency 
convolution).
For a beat measurement, the mean laser frequency difference is tuned to a 
convenient frequency (150MHz in our experiment), well separated from the 
baseband intensity spectrum. The two laser field spectra can then be measured 
by spectrum analysis of the photocurrent in the frequency regime around the 
mean laser frequency difference (the beat note of the two lasers).
As the field spectrum of typical lasers exhibit both AM (intensity fluctuations) 
and FM (frequency fluctuations) sidebands, the convolution of two lasers gives 
information on both AM and FM sidebands for both lasers.
By correlating the beat note spectrum with the intensity spectra of both lasers, it 
is possible to identify FM noise on the beat frequency of the two lasers. It is not 
possible, via a beat note measurement alone, to tell which laser is responsible 
for any particular FM feature in the beat note spectrum.
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Beat note measurement
In order to investigate the frequency noise of the LZH laser and possible effects 
of the intensity stabilisation system on the frequency spectrum of the laser, a 
beat measurement was performed between the LZH laser and a LightWave 122 
laser.
In general the beat note between two free running lasers (no frequency 
stabilisation) will exhibit large frequency jitter making it difficult to perform 
accurate measurements. For this reason the beat note between the two lasers 
was stabilised using an RF phase locked loop as a frequency discriminator and 
feeding this error signal back into the LZH laser piezo frequency tuning input. 
The phase locked loop used here was designed and built for this purpose; 
details of its design and performance are given in Appendix B. The phase 
locked loop produces a voltage output proportional to the difference between 
the voltage controlled oscillator (VCO) free running frequency of the phase 
locked loop (set to 150MHz) and the laser beat note. With feedback applied to 
the LZH laser, this forces the laser beat note to centre on 150MHz.
The unity gain frequency for the frequency stabilisation circuit was 
approximately 50 kHz. In the frequency range immediately above unity gain 
(~100kHz to ~ 300kHz) the frequency feedback loop amplified frequency noise 
structure appearing on the LZH laser. Hence, the absolute magnitude of the 
FM noise sidebands, due to the LZH laser, appearing in Fig. (3.14) are not 
accurate. However, the relative effects due to the intensity stabilisation system, 
and large frequency noise features can still be unambiguously determined.
The experimental arrangement used for the laser beat note measurement is 
shown in Fig. (3.13). It should be noted that the loop gain at low frequencies 
(DC to approximately 5KHz) was ~ 10. Hence the feedback system achieved a 
reduction in the frequency jitter of approximately an order of magnitude. This 
was sufficient to use a narrow (10kHz) RBW filter on the spectrum analyser 
necessary for showing the noise structure.
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Figure 3.13: Schematic of the heterodyne beat measurement.
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Figure (3.14A) shows the resulting beat note and sideband noise properties 
when the LZH laser intensity stabilisation system is not operating. As can be 
seen, there are sidebands at harmonics of 140 kHz either side of the central beat 
note, and these can be identified as a piezo resonance in the LightWave laser 
crystal. Similarly, the LZH laser exhibits piezo resonances at 230 kHz (the 
actual height of these resonance peaks are amplified by about 10 dB due to the 
frequency stabilisation servo). These features are not evident in the intensity 
noise spectrum indicating that they represent frequency noise on the lasers. 
Merged with the piezo resonance peaks of the LZH laser are the relaxation 
sidebands at approximately 260 kHz, forming a double peak. The effect of the 
intensity stabilisation system can be seen in Fig. (3.14B). The relaxation 
sidebands due to the LZH laser at 260 kHz have been removed while all 
frequency features (piezo resonances) remain unchanged.
From the comparison of Figure (3.14A) and (3.14B) it can be seen that the 
intensity stabilisation system has no measurable effect on the frequency noise 
of the LZH laser. This result is in agreement with previous observations45.
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Figure 3.14A: Results of the beat experiment between a LightWave 122 and a Laser 
Zentrum Hannover diode pumped Nd:YAG laser. The beat frequency is at = 150MHz 
and is measured on an RF spectrum analyser with a span of 1.5MHz, resolution 
bandwidth of 10kHz and averaging over 20 traces. The noise eater of the LightWave 
122 is active, while the LZH intensity stabilisation system is off.. Feature A is the 
central beatnote; Feature B is the frequency noise of the LightWave laser ; feature C is 
the frequency noise of the LZH laser; and feature D is due to the relaxation oscillation 
intensity noise of the LZH laser.
Frequency From Beat Signal {MHz}
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Figure 3.14B: Results of the beat experiment between a LightWave 122 and a Laser
Zentrum Hannover diode pumped Nd:YAG laser. The beat frequency is at = 150MHz 
and is measured on an RF spectrum analyser with a span of 1.5MHz, resolution 
bandwidth of 10kHz and averaging over 20 traces. The noise eater of the LightWave 122 
was active, as was the LZH intensity stabilisation system. Feature A is the central 
beatnote; Feature B is the frequency noise of the LightWave laser and feature C is the 
frequency noise of the LZH laser.
Chapter 3: Practical Aspects of Photodetectors and Lasers. 63
Fabry-Perot reference cavity measurement
For a detailed, quantitative measurement of the frequency noise of a diode- 
pumped, monolithic, Nd:YAG ring laser (LightWave 120), the free running 
laser frequency was compared to a resonance of a Fabry-Perot interferometer.
The experiment conducted is outlined in Fig. (3.15). Pound-Drever locking (see 
section 2.6 for details) was used to generate an error signal to lock the Fabry- 
Perot interferometer to the laser and also to generate a calibrated output of the 
frequency noise of the laser outside the bandwidth of the servo system used to 
lock the Fabry-Perot interferometer.
Figure 3.15: Schematic of the reference cavity laser frequency noise measurement.
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The slope of the Pound-Drever error signal (volts/Hz) is given by:
Dv = 8RvPiJo(ß)Ji(ß)/5vc (2.40)
where Rv is the optical-to-voltage responsivity of the detection system 
(including the mixer and subsequent amplifiers) in volts/watt, Pi is the 
effective input power in watts, ß is the phase modulation depth of the EOM in
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radians, 8vc = c/(2 L F) is the interferometer line width, L is the length and F is 
the finesse of the interferometer.
For our experiment Rv = 860 ± 100 V/watt, ß = ~ 0.24 radians, 8vc = ~ 4.7 MHz 
and the effective input power Pi = 7 mWV Resulting in a theoretical error 
signal slope of Dv = 1.3 ± 0.3 x 10'6 volts/Hz.
The actual error signal slope can be determined by scanning the interferometer 
through two resonances and plotting the results on an oscilloscope. Knowing 
the free spectral range of the interferometer (FSR = c /2  L) from the cavity 
length allows us to convert the oscilloscope time base to scanning frequency. 
The slope of the error signal can then be directly determined from the linear 
section of the curve at an interferometer resonance. Fig. (2.16) shows an 
oscilloscope trace of the error signal for one interferometer resonance. The 
steep slope in the centre of the curve gives an error signal slope of 
Dv = 0.9 ± 0.1 x 10-6 volts/Hz. The discrepancy between this value and the 
predicted value of 1.3 x 10-6 is probably due to uncertainty in the actual 
amplifier gain and the mixer conversion loss’". These values directly affect Rv 
and hence Dv.
The servo system used to hold the reference cavity on the laser frequency had a 
unity gain bandwidth of approximately 2 kHz, therefore all error signals at 
frequencies significantly above this frequency are unaffected by the servo 
operation.
The spectrum analyser in the experiment shown in Fig. (3.15) records a noise 
spectrum in dBm. This is converted into volts/VHz using the RBW of the 
spectrum analyser. Dv can then be used to convert volts/VHz into frequency 
noise in Hz/VHz. The resulting laser frequency noise spectrum is plotted in 
Fig. (3.17), trace (a). The large peak at 6 kHz is not reliable as it is too close to 
the unity gain frequency of the servo loop and may be an artefact of the closed 
loop response. As can be seen there is considerable structure in the laser 
frequency noise with obvious peaks at 24kHz, 33kHz, 56kHz, 62kHz and 
80kHz. By driving the laser PZT tuning input with a sweeping signal
* Note that an impedance mismatch of approximately 2 /3  (reflected power was down to 2 /3  
of incident power) due to asymmetric mirror reflectivities (R = 0.95 for the input mirror and R = 
0.995 for the rear mirror) was evident on resonance.
* Another source of error is due to the implicit assumption of equation (2.40) that the Fabry- 
Perot interferometer is impedance matched. The actual reference cavity was far from 
impedance matched due to the asymmetry in the mirror reflectivities.
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generator we were able to excite resonances at 24 kHz and 33 kHz indicating 
that the noise structure is indeed due to the laser rather than the reference 
cavity. This also confirmed that the frequency noise peaks are due to 
mechanical oscillations in the laser crystal and associated optics. For 
comparison the shot noise floor of the frequency noise measurement is plotted 
in Fig. (3.17), trace (b).
From Fig. (3.17), trace (a) it is clear that there is considerable frequency noise at 
frequencies up to 100kHz. Chapter 6 will demonstrate that laser frequency 
noise can adversely affect interferometer performance under certain 
circumstances. It is therefore desirable to remove this frequency noise using 
active feedback. Monolithic Nd:YAG ring lasers have two methods of 
frequency tuning; temperature control of the Nd:YAG crystal using a Peltier 
cell and PZT tuning of the crystal (applying a variable force to the crystal using 
a PZT material to cause a stress induced change in the index of refraction of the 
crystal). Temperature tuning is limited to a bandwidth of less than 1Hz due to 
the time constants involved and hence is useful for slow, large scale frequency 
tuning only. PZT tuning is frequency limited by the mechanical resonance of 
the PZT-crystal system. For the LightWave 120 laser this occurs at 
approximately 100kHz57. It is therefore necessary to ensure that the unity gain 
frequency is ~ 100kHz. From equation (2.42) it can be seen that when the loop 
gain GH is around unity, the servo system can not suppress noise and usually 
amplifies it depending on the phase of the total loop response. This infers that 
the servo system amplifies laser frequency noise at frequencies around 100kHz 
and above. To overcome this problem it is necessary to use an external EOM in 
front of the laser output to perform fast (frequency response up to several 
hundred MHz) phase/frequency corrections to the laser beam and ensure that 
the loop gain is large at all frequencies where there is significant noise.
An alternative approach to high speed frequency tuning is to use an 
intracavity, electro-optic tunable Nd:YAG laser58. LZH has built an electro­
optic tunable, monolithic Nd:YAG ring laser that has a tuning bandwidth of ~ 
1GHz59.
Note, the need to use a high speed electro-optic frequency correction modulator 
can be avoided by relying on the low pass characteristics of a mode cleaner11 to 
filter out high frequency laser noise sidebands (both FM and AM).
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Figure 3.16: Time based plot of the Pound-Drever error signal as the Fabry-Perot 
interferometer is scanned through a resonance.
time in milliseconds
Fr
eq
ue
nc
y 
no
is
e 
in
 H
z/
Vh
z
Chapter 3: Practical Aspects of Photodetectors and Lasers. 67
Figure 3.17: (a) frequency noise of the LightWave 120 laser and (b) shot noise floor of 
the Pound-Drever locking system.
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3.5 Conclusion
Three different photodetector topologies were developed for different 
applications in this thesis. Broadband RF photodetectors were developed for 
their broad operating frequency and their large dynamic range. Transformer 
coupled photodetectors were developed for their low noise performance at 
moderate RF frequencies (2 - 30MHz). DC coupled, transimpedance 
photodetectors were developed for their flat phase and amplitude response in 
the frequency range from DC to ~ 25MHz. The noise performance of these 
photodetectors will be used in subsequent interferometer signal-to-noise 
measurements and theoretical models.
The intensity noise of a diode pumped Nd:YAG laser was investigated and the 
dominant noise feature, the resonant relaxation oscillation (AP/P ~ 2 x  10'5), 
was documented. A simple second order model was then used to accurately 
predict the noise behaviour of the resonant relaxation oscillation.
Using the second order system description of the intensity noise operation of a 
Nd:YAG laser, an electro-optic feedback system was designed to stabilise the 
intensity noise. The stabilisation system achieved an intensity noise of AP/P ~ 
6 x IO’8 from 2kHz to 10kHz, AP/P ~ 3 x  lO'8 from lOkFiz to 300kHz and AP/P 
~ 9 x IO*8 from 1 MHz to 5MHz. Hence the resulting intensity noise 
performance of our stabilised laser is within the estimated specifications for 
large scale gravity wave interferometer laser sources10'11. At the optimum 
frequency of the feedback loop (from 10kHz to 300kHz) the noise suppression 
achieved was within 3.1dB of the maximum possible limit governed by the 
effects of shot noise on the in-loop detector.
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As will be shown in chapters 5 and 6, the significant reduction in laser intensity 
noise achieved here allows considerable easing of the RMS optical phase error 
limits in modulation interferometry.
Two different frequency noise measurements were also performed on the diode 
pumped, Nd:YAG lasers; an optical beat measurement and a Fabry-Perot 
reference cavity measurement. The optical beat measurement demonstrated 
that the intensity stabilisation system developed here has no measurable effect 
on the laser frequency noise. The Fabry-Perot reference measurement showed 
that the laser possesses considerable frequency noise structure at frequencies 
up to ~ 100kHz. Chapter 6 will demonstrate the significance of this frequency 
noise structure and its effect on the signal spectrum.
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Chapter 4
Direct Detection Interferometry
In the preceding chapter we documented two basic tools needed for 
interferometric experiments; lasers and photodetectors. We are now able to 
analyse the simplest shot noise limited interferometric system; direct 
detection.
Direct detection is a term used to describe an interferometric measurement 
where the phase signal is imposed on the interferometer at a frequency cos 
and the photodetector output is used to detect the resulting intensity change 
at the same frequency cos- Direct detection is therefore free from any 
modulation-demodulation process.
This chapter starts with a derivation of the theory describing a direct 
detection interferometric measurement. The implications of this 
theoretical model are documented using plots and mathematical limits of 
the theory under certain approximations. A direct detection experiment 
using a polarimeter is then described and the performance of this device is 
analysed in terms of the theoretical model.
Finally an application of the direct detection polarimeter is documented, 
namely a shot noise limited, scanning RF electric field measuring system.
4.0 Perspective
Caves2 showed that simple fringe counting in an interferometer can lead to 
the standard quantum limit if sufficient laser power is used. Meers et al21 
derive an expression to determine the signal extraction efficiency of various 
modulation/demodulation techniques relative to this limit. Although not 
explicitly stated by Meers et al, this implies that direct detection techniques 
are 100% efficient (in principle, capable of reaching the standard quantum 
limit).
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Here we show that a simple classical theory of direct detection, under ideal 
conditions (no electronic detector noise, no laser technical noise, V = 1 etc), 
leads to the same quantum  noise limited performance as that derived by 
Caves2 (low power limit, ie when ignoring laser radiation pressure effects).
O ur theory is general enough to includes all significant non-ideal 
in terferom eter features and so predicts the operation of practical 
interferometers. The excellent agreement between theory and experiment 
supports this assertion.
4.1 Derivation of direct detection theory
We analyse a simple Michelson interferometer as depicted in Fig. (2.2). 
Light enters a 50:50 beamsplitter and propagates along two different arms 
which im part different phase delays, and is recombined at the original 
beam splitter. The accumulated phase difference 0ab(t) between the two 
fields at the beam combiner is the sum of the intrinsic DC phase difference 
0O due to the different optical paths travelled by the two beams, and the 
externally induced phase difference 0(t), due to a transducer, m odulator or 
thermally induced drift for instance.
Allowing for non-ideal optical characteristics in the interferometer such as 
different optical losses in the two arms or an asymmetric beamsplitter, the 
optical power available at the detector situated at the antisymmetric port of 
Fig. (2.2) is given by (see equations (2.02), (2.03) and (2.04) for details):
Pdet =Einc2 R /2 [ 1 + V COS 0ab ] (4.01)
where Einc2 is the input optical power, R is the mean mirror reflectivity and 
V is the fringe visibility. The output intensity reaches a minimum at this 
port when 0ab = n.
If the time dependent part of 0ab is a simple sinusoidal m odulation (the 
signal), we may write
0 a b ( t)  = 00 + 0S sin (<DS t + (4.02)
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where 0O is the optical phase offset in the absence of signal, 0S is the optical 
phase m odulation amplitude due to the signal at frequency cos, and %s is the 
signal phase offset at t = 0. Putting equation (4.02) into (4.01) yields the time 
dependence of the optical power at the detector
p det = Eine2 R / 2  { 1+  v  cos0o cos [6 S sin (cos t + xs)]
- V sin0o sin [0S sin (cos t + xs)] }
= Einc2 R /2 { [ l  + V JO(0S) COS0Q + 2 V J2(0s)cos0ocos[2 (cost + x s)l +  ...]
- 2 V sin0o [ji(0s)sin (o)s t + %s) + J3(0s)sin[3(cos t + Xs) ] + - ] }
(4.03)
w here Jn(0s) are Bessel functions of the first kind. For small phase 
m odulations 0 S << 1, harm onics above the fundam ental m odulation 
frequency can be neglected as the higher order Bessel functions are small.
W hen this m odulated light field is incident on a photo detector w ith 
responsivity p(>.) am peres/w att, the induced photocurrent is p(X)Pdet. This 
responsivity  can be expressed in term s of the photodiode quantum  
efficiency r\ using equation (2.29). The photocurrent of equation (4.03) is 
well approxim ated by a DC component and an oscillating component at 
signal frequency cos. The DC photocurrent is
idc = PEinc2 R /2 (1  + V Jo(0s) COS0O) (4.04)
while the desired AC component in the photocurrent is:
he = [p Einc2 R V Ji(0s) sin0o] sin (o)s t + xs) (4.05)
The instantaneous signal power at cos delivered to a tuned AC receiver or 
spectrum analyser w ith input impedance r is iac2 r, time-averaged over one 
signal cycle gives
Psignal =  (p Eine2 R V )sin0o)2 r /2 (4.06)
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As expected, the absolute received signal power is strongest when the 
interferometer is operated midway between adjacent bright and dark fringes, 
where the derivative of transmission with respect to phase is largest (0O = 
7t/2), while no signal power is obtained when operating about the turning 
points ( 0O = 0,7T, ...) in the transmission function. This can be clearly seen in 
Fig. (2.3).
Shot noise appears superimposed on the photocurrent as a quadrature- 
independent flat spectrum fluctuation. The shot noise current RMS 
amplitude is given by the square root of equation (2.28):
<isho.>RMS= (2eidcB)1/2 (4.07)
where idc is the DC photocurrent and B is the detection bandwidth. At a 
phase insensitive receiver, these current fluctuations produce a noise power 
(<iqn>RMs)2r in addition to any signal power in the modulation frequency 
band being observed. From equation (4.07) and the expression for DC 
photocurrent in equation (4.04), we obtain the average shot noise power at 
the photodetector output as a function of the phase offset 0o:
Pshot =  2 e  idc B r
=  P sh o tm a x (l +  V Jo(Qs ) COS0o) /2  (4.08)
where P shot max = [2ep Ejnc2 RB r] is the shot noise which would be observed 
at a bright fringe in an ideal interferometer (V=l, R=l). This shot noise is 
equally distributed over both quadratures in the RF domain, at all 
frequencies, provided the DC light level is significantly larger than the 
optical modulation due to the signal (ie stationary statistics apply).
In a shot noise limited sensor, the signal-to-noise ratio is obtained by 
dividing the signal power in equation (4.06) by the shot noise power in 
equation (4.08). In general, however, technical optical noise, and unrelated 
electronic noise contribute to the total noise in the measurement. The total 
noise then becomes ( P shot +  P tech  +  Peiectronic)- In the limit where P tech is 
negligible, total noise can be written :
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Ptotal — Pshot +  £  Pshot max
= Pshot max [(f+26) + VJq(0s ) COS0o] /2  (4.09)
where e is the ratio P eiectronic /  Pshot max • This leads to the following signal- 
to-noise power ratio as a function of the DC phase offset 0o in the 
interferometer:
S /N  = (p Ej^2 R J12(6s)/2eB) {v2 sin2e0 /  [(l+2e) - VJ0(9S) cos60]}
(4.10)
For very small signals (0S «  1), equation (4.10) approximates to :
S /N  = (p Einc2 R6S2 /  8eB) {v2 sin2e0 /  [(l+2e) + V(l-0s2/4) cos60]}
(4.11)
Equation (4.11) is valid for all sensitive interferometer applications. If 0S is 
comparable to unity then the detected signal will be extremely large and the 
signal-to-noise ratio will not be a practical issue.
4.2 Implications of theory
The limiting performance of a direct detection interferometer can be 
determined from equation (4.11) by setting R and V to 1 (ideal optics) and £ 
= 0 (electronic receiver noise set to zero). These limits transform equation
(4.11) to
S /N  = (p E^ 2 0S2/  8eB) {sin2e0 / [ l  + (l-6s2/4 ) cosöo]} (4.12)
It is notable that in the ideal shot noise limited interferometer, equation
(4.12) indicates that the best possible signal-to-noise ratio obtainable by direct 
detection occurs if the interferometer is operated very close to a dark fringe 
(0o = 7t). Exactly at the dark fringe, phase modulation due to the applied 
signal yields no optical modulation at the fundamental signal frequency cos 
as the slope of Fig. (2.3) is zero at an intensity turning point. However the
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phase modulation yields a non-zero average DC light level, and 
corresponding shot noise. Hence the S /N  is zero when operating exactly 
about the dark fringe, and sharply reduced over a phase offset range 
comparable to the signal amplitude 0S. When 0O is optimised (slightly away 
from the dark fringe), the signal-to-noise power ratio approaches its ideal 
limit:
S /N max —> p Einc2 0S2/4eB (4.13)
To first order in Ejnc2, the signal-to-noise power ratio improves linearly 
with increasing illumination when shot noise limited, so signals are lifted 
out of the noise by increasing the input power. Technical optical noise 
reacts in the same manner as a signal and so increasing Einc2 will also lift
technical noise out of the shot noise background.
The signal-to-noise expression of equation (4.13) will be unity in a 
bandwidth of 1Hz, for 0S given by:
e shot = (4e/p Ei«*)1/ 2 (4.14)
0 shot is the optimum shot noise limited sensitivity of a direct detection 
interferometer (measured in radians/VHz). For example, if 18 mW of light 
with a wavelength of 1.06 pm is launched into an ideal interferometer 
operated close to a null, and the detector at the antisymmetric port has 
responsivity 0.7 Amps/Watt then 0shot = 7.1 x 10-9 radians/VHz.
Note, the 0 shot derived in equation (4.14) is consistent w ith the 
measurement uncertainty due to photon counting errors derived by Caves2. 
For large optical powers, where the shot noise error equals the light pressure 
error, equation (4.14) yields the standard quantum limit of a measurement 
of the length difference between the two end mirrors of the interferometer*.
The signal-to-noise ratio calculated in equations (4.10) to (4.14) assumes an 
RF phase-insensitive detection method, for example, a spectrum analyser, 
so that both quadratures of the signal and noise are included. If the signal 
phase is known, a phase-locked detection scheme may be used to detect all 
of the signal but only one quadrature of the phase-independent shot noise.
* See reference [2] for more details on the assymptotic limits of noise performance of an 
interferometer.
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This would produce 3 dB improvement in the signal-to-noise ratio obtained 
above, or a V2 reduction in 0 shot-
In a non-ideal interferometer, the optimum operating phase is displaced 
from the dark fringe, as demonstrated in Fig. (4.1) and Fig. (4.2) for varying 
amounts of electronic noise and dark fringe transmission. As can be seen 
from a comparison of Figures (4.1) and (4.2), the cause of the phase 
insensitive noise (whether due to a poor dark fringe or electronic noise) has 
no effect on the shape of the signal-to-noise plot. All phase insensitive 
noise forces the optimum operating phase away from a dark fringe. Even 
small levels of electronic noise or slightly imperfect nulls bias the optimum 
operating phase considerably away from the dark fringe5, and reduce the 
achievable signal-to-noise ratio below the ideal maximum. In the limit of 
large electronic noise (or any other phase insensitive noise) the optimum 
operating phase approaches the mid point between a dark and bright fringe 
(where the signal strength alone is maximised).
Note that offsetting the interferometer from a dark fringe reduces the 
interferometers ability to suppress laser intensity noise. As our laser has 
large noise features below ~ lMFiz, small phase offsets (a few milliradians) 
from a dark fringe will swamp signals comparable to the shot noise limit in 
this frequency range.
If the technical noise of the laser is taken into consideration when 
optimising the signal-to-noise ratio, the resulting optimum phase will be a 
strong function of frequency, as is the laser intensity noise. In spectral 
regions of large noise, the optimum phase will be extremely close to the 
dark fringe. However shot noise limited performance will not be possible 
under these conditions.
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Figure 4.1: Direct detection signal-to-noise power ratio versus interferometer phase 
00, plotted from equation (4.10) for an ideal interferometer (V=l) , assuming a signal 
of amplitude 0S = 0shot for various electronic noise levels: a: e = 0, b: e = 0.001, c: e = 
0.0066, d: e = 0.1.
w 0.6
dc interferometer phase 0
Figure 4.2: Direct detection signal-to-noise power ratio versus interferometer phase 
00, plotted from equation (4.10) assuming a signal of amplitude 0S = 0shot with no 
electronic noise (e = 0) for various interferometer visibilities; a: V=1 ( ideal 
interferometer), b: V = 0.9998, c: V = 0.98, d: V = 0.8.
dc interferometer phase 0
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4.3 Direct detection experiments
Optical configuration
To demonstrate that the sensitivities predicted in the previous section are 
achievable, and that shot noise limited phase measurements are practical in 
a two-arm interferometric sensor, a prototype electro-optic sensor was 
constructed. This sensor was configured as a reflective polarimeter, as 
shown schematically in Fig. (4.3). Plane-polarised light experiences an 
optical retardance during the two-way trip from the beamsplitter to the 
mirror and back, and any resulting orthogonally polarised light is fed to a 
detector.
Figure 4.3: Schematic of the reflective polarimeter used in this experiment.
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The retardance axes of the crystal and modulator lie at ±45° to the polariser 
axes, so the natural basis states for the light within the polarimeter are the 
±45° states, with the horizontally polarised input exciting both equally. Any 
retardance in the two-way beam path introduces a net phase delay between 
the basis states in the light returning to the polariser. The coherent re­
combination of the phase shifted components at the polariser results in 
some light emerging from the cross-port. If no retardance exists in the 
optical path, no light is detected at that port. This constitutes a two-arm 
interferometer, analogous to a Michelson interferometer, where the two 
"arms" of the polarimeter are the ±45° polarisation states and relative phase 
shift equates to the round trip retardance.
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The optical and electronic layout used in this experiment is shown in Fig. 
(4.4). Light from a Nd:YAG monolithic ring laser (Lightwave 120) is 
collimated into a Glan-Thompson polarising prism, while the DC 
retardance 0o  in the sensor beam is set to an optimum value by adjusting a 
Soleil-Babinet compensator and/or the DC voltage supplied to an EO 
modulator. Retardance signals 0S are introduced by an electro-optic 
transducer consisting of a KD*P crystal with a reflective coating on the rear 
side. Electric fields imposed on the sensing crystal modulate its retardance 
proportionally, with zero field corresponding to zero retardance. A 
focussing lens creates a beam waist inside the crystal of order 200 pm 
diameter to provide high spatial resolution for electric field scanning.
Electronic configuration
The photocurrent is AC-coupled, via a 2-stage amplifier with an overall 
gain of 50 dB (20dB in the transformer coupled photodetector and an 
external 30dB amplifier), to an HP8568B spectrum analyser tuned to the 
signal frequency cos . DC photocurrent is monitored by reading a
proportional voltage from the detector circuit (see Appendix A for details). 
A signal generator supplies the voltage waveform at frequency cos which 
drives either a test pattern whose electric field is being scanned or a pair of 
calibration plates which generate a reference field in the KD*P sensing 
crystal.
Sensing crystal Design
The sensing element is fabricated from a 2 mm thick piece of the uniaxial 
crystal KD*P, with its z axis aligned to the beam propagation axis, and the x 
and y axes parallel to the polariser axes. In KD*P, the electric field 
component parallel to the z-axis induces a proportional retardance between 
two orthogonal polarisations aligned at ±45° (referred to by the unit vectors 
a and b) to the x and y axes of the crystal. The phase retardance imposed 
instantaneously on the beam due to its forward and reflected traverses of 
the crystal is :
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Gab = (4tu A ) no3 r63 1E • dz
= (9.0 x 10'4 ) Vcrystai radians (4.15)
where the integral is evaluated along the beam path through the thickness 
of the crystal, representing the total potential drop V cryStai between the beam 
entrance and reflection points. Here, E is the applied electric field, 
r6 3  = 24 x 10"12 m / V  is the relevant electro-optic coefficient60, no = 1.47 is 
the refractive index of KD*P for x and y polarised optical fields in the 
absence of electric fields, and X = 1.06 pm is the wavelength of the light.
KD*P was chosen for the simplicity of its electro-optic properties, which 
allow information about a single component of an applied electric field to be 
inferred unambiguously from a single retardance measurement. Because 
KD*P is strongly hygroscopic, the coated crystal is set in a dry, hermetically 
sealed delrin enclosure with an AR coated glass window on the entrance 
side. Dielectrics such as delrin and glass in the vicinity of the sensor crystal 
alter the electric field from that which would exist without the enclosure. 
While this may affect the phase retardance produced in response to an 
externally applied electric field, the relationship between retardance and 
voltage across the crystal in equation (4.15) remains valid.
D irect D etection  Sensor Performance
The effective input power, R x Einc2, coupled into the interferometer was 
measured to be 18 mW. The optimum operating phase was found 
experimentally by increasing the DC retardance until the detected signal-to- 
noise ratio was maximised. At the optimum phase, the incident power on 
the photodetector was 0.6 mW of optical power, the electronic noise was 
approximately 8dB below the combined (electronic + shot) noise floor 
measured with the DC illumination. Hence electronic noise comprises a 
fraction of 0.19 of the shot noise at the optimum operating phase and power. 
This in turn implies that e = 0.0066 ± 0.0005 in equation (4.11). The visibility, 
V, of the polarimeter was found to be ~ 0.9998. This has a negligible effect in 
the calculation for the signal-to-noise ratio in equation (4.10) when 
compared to the effect of e = 0.0066.
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Figure 4.4: Experimental configuration of the reflective polarimeter electric field 
sensor showing principal optical and electronic components.
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The optimum signal-to-noise ratio was found to occur when 0o = 0.37 
radians. Putting the experimental values for V, e, l[n and 0o into equation
(4.11) yields a predicted signal-to-noise ratio of 1 when the signal strength 0S 
= 0.26 prad in the direct detection scheme (detector bandwidth B = 1kHz). 
Experimentally, it was found that a signal amplitude of 0.25 ± 0.05 pradians 
produced a signal-to-noise ratio of 1, giving a phase sensitivity of 8.0 ± 1.5 x 
10'9 radians/VHz. The predicted sensitivity is only 11% above the 
theoretical best case for the ideal interferometer, 0S = 0shot x VRBW = 0.23 
pradians, calculated from equation (4.14). Hence electronic noise degrades 
the signal-to-noise ratio by about 1 dB from its ideal value in our direct 
detection interferometer.
The responsivity of the actual EO crystal transducer was measured at 2.3 ± 
0.2 mrad/V across the crystal, or approximately 0.1 prad m V*1 sensitivity to 
externally imposed electric fields. This calibration was performed by placing 
the crystal between a pair of metal plates and applying a known voltage 
signal to the plates. Combining this responsivity with the inherent phase 
sensitivity of the polarimeter allows us to perform shot noise limited 
measurements of electric field distributions typically associated with low 
voltage electronics.
The effect of electronic noise, as discussed in section 2 above, is to shift the 
operating phase for optimum signal-to-noise ratio in the interferometer 
away from a null. Experimentally, this can be verified by varying the DC 
retardance 0o in the polarimeter and observing the signal to noise ratio for a 
given signal and input optical power, as shown in Fig. (4.5). The signal-to- 
noise curve displays a broad maximum, giving near optimum performance 
from 0o = 0.3 to 0.6 radians. Due to the power limitations of the detector we 
were unable to increase 0q significantly beyond 0.6 radians.
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Figure 4.5. Measured data points (with estimated error bars) and predicted values 
(solid line) of the S/N power ratio from equation (4.11) as a function of the DC 
retardance phase offset 0o- The theoretical curve assumes electronic noise e = 0.0066, 
input power Ejnc  ^= 18 mW, resolution bandwidth B = 1 kHz and signal amplitude 9S=
3.77 (iradians.
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Figure 4.6:. (a) Photocurrent power spectrum obtained from direct detection of 0.6 mW 
of light at the output port of our polarimeter, using an Nd:YAG laser as the light 
source (LightWave 120). (b) Reference shot noise spectrum obtained using a white 
light source producing the same photocurrent as detected in (a), (c) Electronic noise 
floor due to detector, amplifiers and spectrum analyser.
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Frequency limitations of Direct Detection
As seen in Figures (3.1) and (3.2), Nd:YAG lasers exhibit large amounts of 
intensity noise at frequencies below several megahertz due to the presence 
of a noise driven, relaxation oscillation. The effect of this noise at high 
frequencies can be seen in Fig. (4.6) where the laser noise trace approaches 
the shot noise level for frequencies above approximately 12 MHz.
An independent method to determine the extent of technical laser noise is 
to use two balanced photodetectors and compare the sum and difference 
noise spectra. This split beam correlation measurement was performed 
using a 50/50 beamsplitter at the polarimeter output and balanced detectors 
on each beamsplitter output port, and then comparing the two detected 
noise signals. Technical optical noise (and signal modulation) is present 
identically in both beams, and consequently in both photocurrents. Hence 
adding the photocurrents adds the technical noise, while subtracting the 
photocurrents eliminates all technical modulation. Shot noise however, 
appears equally in the added and subtracted signals, as it is uncorrelated in 
the two photocurrents. Fig. (4.7) displays the RF spectra obtained from the 
added and subtracted photocurrents for a 0.6 mW output beam with no 
signal modulation.
Low frequency laser noise can clearly be seen as the difference between traces 
(a) and (b), Fig. (4.7), at frequencies below approximately 12 MHz. 
Conversely, above this frequency the two traces merge, demonstrating that 
correlated photocurrent noise is negligible. This demonstrates once again 
that direct detection measurements performed above approximately 12 MHz 
are shot noise limited and equations (4.10) (4.11) and (4.12) apply.
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Figure 4.7. RF power spectra obtained using a balanced pair of photodetectors at the 
output of the polarimeter configured for direct detection: (a) Spectrum of 
photocurrents when added, (b) Spectrum of photocurrents when subtracted.
Figure 4.8. Signal peak at 16.5 MFlz and the flat spectrum quantum noise floor for 
various optical input powers in the polarimetric sensor of Fig. (4.4), illustrating the 
power dependence of S/N in the shot noise limited regime. The applied signal 
amplitude 0S was 0.7 pradians, and signal and noise power spectra are shown for input 
powers E jj^  of (a) 18mW, (b) 5 mW and (c) 2mW.
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Shot noise limited operation
Equations (4.10) (4.11) and (4.12) imply that the signal-to-noise power ratio 
scales in proportion to the input optical power for a given signal amplitude. 
This is experimentally demonstrated in Fig. (4.8), which shows the recorded 
signal response for a given signal at three different input optical powers 
(Eine2) f°r a polarimeter set to the optimum DC phase. At the spectrum
analyser, the received power is the sum of the signal and total noise, so the 
analyser displays 101ogio(signal power + noise power). The middle trace, for 
example, shows a 3 dB peak-to-floor separation, indicating a signal-to-noise 
ratio of ~ one. For 3.65 times as much input power into the polarimeter, 
equation (4.10) predicts an increase in the signal-to-noise ratio of around 
3.65, if electronic noise is negligible. Hence the new peak-to-floor separation 
should be 101ogio(l + 3.65) = 6.7 dB, close to the 7 dB separation actually 
observed in the top trace* . The bottom trace shows the effect of small 
optical intensities; signals are buried below the combined shot noise and 
electronic noise floor. Note the bottom trace was recorded for a detected 
optical power of 70|liW and so electronic noise dominates this trace.
4.4 Electric field mapping using direct detection interferometry
The reflective polarimetric sensor was employed to measure the z- 
component of the electric field distributions above various two- 
dimensional charge distributions. The circuit patterns which were mapped 
were modulated at RF frequencies between 16 and 25 MHz so that the field 
could be measured without degradation due to technical optical noise in the 
source. For stability, the optical arrangement was fixed in place while the 
pattern was mounted on an XY stage and moved to an array of positions, at 
which the RF signal in the photocurrent was sampled. Due to the finite 
crystal thickness and separation from the circuit, the XY spatial resolution of 
the sensor is limited to approximately 0.5 mm.
* Note that the above analysis ignores the systematic analyser errors mentioned in section 
2.7. As the above analysis is based on a comparison between analyser traces of similar S/N, 
rather than absolute signal and noise power measurements, the errors of section 2.7 have a 
negligable effect.
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Figure 4.9: RF received power obtained by direct detection at the signal frequency, as 
a function of position in the XY plane relative to the centre of a "bullseye" pattern of 
conductors with central electrode driven at 16 MHz, 180° out of phase with the 
surrounding electrode. The cross-sectional diagram shows schematically the electric 
field above the conducting plane, and below it is plotted the electric field amplitude.
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Figure 4.10: Similar scan as described in Fig. (4.9), for a pattern consisting of a
circular hole in a conducting plane also driven at 16 MHz. The variations in the 
electric field in this case are far weaker than in Fig. (4.9), and the vertical dB scale 
is magnified. Although the signal is more than 15 dB above the shot noise floor, the 
measurement error due to shot noise is evident on these resolution scales.
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Using phase insensitive detection (spectrum analyser) the RF power 
delivered to the receiver at the circuit driving frequency was plotted (in 
dBm) as a function of position to create a map of the squared modulation 
amplitude experienced by the crystal. Fig. (4.9) shows the map resulting 
from a scan of a "bullseye" pattern with its central electrode driven 180° out 
of phase with the surrounding extended conductive sheet. The annular 
node in the map corresponds to the positions where the electric field is 
purely (x, y) oriented, the peak in the centre is associated with the purely z- 
directed field there, and the roughly constant signal level away from the 
central structure is due to the z-directed field resulting from the external 
capacitance of the extended sheet.
This figure was recorded using relatively strong modulations, but is 
nonetheless shot noise limited, with shot noise providing the lower limit 
or floor to the measurable signal. The map appears smooth on these dB 
scales, but if the signal is significantly reduced, and/or if the scale is 
magnified, shot noise also appears as a fuzziness in the measured levels, as 
demonstrated in Fig. (4.10). The floor occurring in the centre of the plot 
corresponds to the absolute detected shot noise power, (in dBm), while the 
fuzz (in dB) is the relative statistical error in the measured signal which 
depends on the levels of signal and shot noise, the resolution bandwidth of 
the receiver and any subsequent signal averaging.
4.5 Conclusion to chapter four
Direct detection has been shown to be 100% efficient at signal extraction and 
approaches the standard quantum limit for large laser powers 
(unrealistically large laser powers at this time).
The direct detection theory, developed in this chapter accurately predicts the 
performance of the direct detection polarimeter. Sufficient non-ideal 
param eters are included to model the performance of realistic 
interferometers.
For the ideal interferometer (V —» 1, e -» 0), the optimum operating 
condition was shown to be very close to the dark fringe. This appears to be 
counter-intuitive as the maximum signal response is obtained at the point
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midway between a dark and bright fringe. The effect of finite e and V less 
than unity is to shift the optimum shot noise limited operating condition 
away from the dark fringe. In our experiment the optim um  operating 
phase was ~ 0.4 radians away from the dark fringe.
Offsetting the phase by 0.4 radians from a dark fringe reduces the 
interferometers ability to cancel out technical laser noise to such an extent 
that laser noise dominated the signal spectrum up to ~ 12MHz.
Due to the significant dark fringe offset, our direct detection interferometer 
exhibits very poor common mode laser intensity noise rejection. The 
resulting signal spectrum  is dom inated by laser intensity noise at low 
frequencies, in agreem ent w ith  the free runn ing  laser spectrum  
documented in chapter 3.
The m axim um  phase sensitivity  achieved for our d irect detection 
polarim eter was 8.0 ± 1.5 x 10-9 radians/V H z. This was attained at 
frequencies where the technical laser noise was negligible. Hence the direct 
detection polarimeter was restricted to frequencies above ~ 12 MHz for shot 
noise limited performance.
One application our direct detection polarim eter can be put to is the 
m apping of RF electric field distributions. This was shown to yield shot 
noise limited sensitivity maps of two dimensional field distributions. The 
spatial resolution of this system was limited by the sensing crystal geometry 
and was found to be ~ 0.5 mm. Even w ith this relatively course spatial 
resolution, a wealth of spatial information could be obtained.
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Chapter 5
Internal Modulation Interferometry
In the previous chapter we demonstrated the frequency limitations of direct 
detection. Phase modulation provides a means of removing the low 
frequency technical noise from the measurement and overcoming these 
frequency limitations.
Phase modulation of light in an interferometer shifts both signals and 
technical optical noise at the same time, so at first sight it would appear to 
confer little advantage. In this chapter we demonstrate that the internal 
modulation technique allows shifted technical noise to be suppressed by 
setting the interferometer to a dark fringe. In addition, we find that for a 
given amount of electronic noise, there is an optimum level of phase 
modulation. Fortuitously, the ratio of signal to electronic noise is greatest 
exactly on a dark fringe. The potential maximum sensitivity in the 
optimum configuration approaches V(3/2) times that of the direct detection 
method.
When operating an internal modulation interferometer at the dark fringe, 
the resulting intensity varies at twice the modulation frequency. The shot 
noise (proportional to the detected intensity) is therefore a periodic function 
of time. This periodic shot noise, termed nonstationary61, is shown to be 
responsible for the V(3/2) decrease in sensitivity, compared to direct 
detection interferometry.
We begin in section 5.1 by deriving the signal-to-noise ratio for internal 
phase modulation interferometry under two conditions: pre and post mixer. 
We then discuss the theoretical and practical implications of our derivation. 
In section 5.2 we describe the layout of our internal modulation polarimeter 
experiment and present the results achieved with this device.
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The chapter ends w ith an experimental dem onstration of nonstationary 
shot noise and its consequences (section 5.3). The use of optim al 
m odulation /dem odulation  waveforms is discussed and an experimental 
example using a complex demodulation function is presented.
5.0 Perspective
Although m any internal m odulation experiments have been perform ed, 
few have been published. Man et all62 document an internal m odulation 
experiment and derive a basic theory to describe it. This theory however 
does not include the effects of nonstationary shot noise The experiement 
performed by Man et al therefore achieves moderate agreement with theory.
S tra in 63 has perform ed an internal m odulation experiment w ith Fabry- 
Perot cavities in the Michelson interferometer arms. Strain reports that the 
interferom eter approaches shot noise lim ited sensitivity for frequencies 
above 50kHz.
Fritschel12 has also perform ed an internal m odualtion experiment using 
Fabry-Perot arm cavities. However using Fabry-Perot arms increased the 
sensitivity of the interferom eter to the point where m echanical noise 
limited performance (except in the frequency range around ~ 80kHz where 
sensitivity approached the shot noise limit).
Meers et al21 derive an expression for the efficiency of internal m odulation 
signal extraction. Meers et al show that internal m odulation, using 
sinusoidal m odulation/dem odulation, can achieve an efficiency of V (2/3) 
that of direct detection.
Here we perform  a sim ple internal m odulation experim ent using a 
retardance m odulated polarimeter. Due to the common mode advantages 
of polarimeters we are able to make shot noise limited measurements down 
to ~ 2kHz. We develop a theory that includes all relevant non-ideal 
performance and achieve good agreement with experiment.
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Niebauer et al61 first identified and analysed nonstationary shot noise and 
its effects on internal modualtion interferometers. Meers et al21 and Mio et 
al64 have perform ed bench top experiments dem onstrating nonstationary 
shot noise and its dependence on demodulation phase.
Our experim ent uses a high fringe visibility, large m odulation depth 
interferom eter to investigate non-stationary shot noise. Consequently we 
observe a considerably larger effect (~ 4.8dB phase dependent noise) than 
either Meers or Mio.
N iebauer et al61, Meers et al21 and Schnupp65 have pointed out that the 
extra signal quadrature noise caused by non-stationary shot noise can, in 
principle, be eliminated by using more complex m odulation-demodulation 
waveform s.
We demonstrate the use of a composite waveform consisting of both a first 
and third harmonic. We show that the third harmonic adds correlated shot 
noise that can be used to reduce the resulting shot noise floor in the signal 
quadrature.
5.1 Derivation of internal modulation theory
As derived in chapter one, a Michelson interferometer has a phase response 
at the detector output of
For internal m odulation the explicit expression for 0ab now includes a 
deliberate modulation term as well as the signal and DC terms, giving
w here 0 m is the m odulation depth in radians, com is the m odulation 
frequency, and Xs and Xm are arbitary phase offests for the signal and 
m odulation frequency components respectively. Using equation (5.01) we 
can expand cos 0ab to give
Pdet =Einc2 R / 2 [ l  + V cos 0 ab ] (2.04)
0 ab (t) = 00 + 9S sin (®s t + Xs) + 0m sin (®m * + Xm) (5.01)
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cos eab = cos e0 cos (0S sin (cos t + Xs)) cos (em sin (com t + xm))
- cos e0 sin (0S sin (a>s t + xs)) sin (0m sin (com t + xm))
- sin 0O sin (0S sin (cos t + Xs)) cos (0m sin (com t + xm))
- sin 0O cos (0S sin (cos t + xs)) sin (em sin (com t + xm))
(5.02)
Substituting equation (5.02) into equation (2.04) and using the Bessel 
functions of the first kind to expand the result gives
Equation (5.03) is limited to first order in 0S and second order in 0m*. This 
low order expansion exhibits a DC term and AC components at the signal, 
m odulation, sum and difference frequencies (intermodulation terms) and at 
twice the m odulation frequency. Each of the six components varies w ith 
the interferometer phase offset 0O.
The inform ation to be recovered is found in the terms involving J i ( 0 S) * 
This factor is found in both the direct signal component at frequency cds and 
in the interm odulation components at sum and difference frequencies com ± 
cos. The technical noise we seek to avoid is a combination of intensity and
As 0S is typically less than 1 pradian, all higher order Bessel functions in 0S can be ignored. 
0m is typically much larger and we must include the second order Bessel function of 0m for 
accuracy. It is in fact this second order Besel function that leads to non-stationary shot noise 
as will be demonstrated in the following analysis.
i + v (  jo(es)Jo(6m)cose0
- 2 Ji(0s) J0(6m) sin0osin[ cost + xs]
- 2 Jo(0s) Ji(6m) sin0osin[ comt + xm ]
+ 2j,(es)j1(em)cose0cos[ (com + cos)t+ (xm + xs)]
- 2J1(0s)Ji(6m)coseocos[ (gv -cos)t + (xm -Xs)]
+ 2 J0(8S) J2(8m) cos80 cos[ 2comt + 2 xm] ) }
(5.03)
Chapter 5: Internal Modulation Interferometry 97
phase noise in general. Intensity noise is implicit in the effective input 
intensity, Einc2, which includes all technical intensity noise due to the light
source and optical losses in the interferometer. Phase noise can be 
considered to arise in the phase offset 0o, which is subject to interferometer 
vibrations, differential index fluctuations in the two arms, and frequency 
fluctuations in the light source, if an optical path difference exists between 
the two arms.
Since the input optical power term Einc2 m ultiplies all frequency 
components in the photocurrent, the technical noise spectrum it introduces 
will appear around, and in proportion to, each peak in the frequency 
spectrum obtained from equation (5.03). If cos is close to zero, small signals 
at cos (term 3) comparable to shot noise in amplitude, will be lost in the 
technical noise surrounding the DC peak (terms 1 and 2). However, the 
information may still be extracted at the sum and difference frequencies com 
± cos , (terms 5 and 6), provided the technical noise around the modulation 
peak at frequency com (term 4) is absent.
To eliminate intensity related noise associated with the modulation carrier, 
it is only necessary to eliminate the carrier itself in equation (5.03). This is 
readily achieved by setting sin0o to zero, which also has the advantage of 
maximising the information carrying terms at com ± cos. This phase 
condition corresponds to turning points in the DC optical transmission 
versus phase function. At the turning points, the fundamental harmonics 
of any modulation, in this case the signal and carrier, vanish.
By choosing to operate at a dark fringe, we obtain an additional advantage - 
minimum shot noise in our measurement. Fig. (5.2) shows schematically 
the phase dependence of the relative magnitudes of the shot noise power, 
signal power and technical intensity noise power associated with the 
modulation carrier.
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Figure 5.1: A simple schematic of the internal modulation Michelson interferometer 
analysed in this chapter.
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Figure 5.2: Variation with interferometer dc phase 0q of (a) modulation carrier 
amplitude, (b) signal sideband amplitude; and c, shot noise level. Relative height 
scales are arbitrary.
37T/2
Interferometer Phase Angle 9 0in radians.
Phase noise con tribu tes to  the p h o to cu rren t noise sp ec tru m  associated  w ith  
each  o f th e  six c o m p o n en ts  in  e q u a tio n  (5.03) in  p ro p o r tio n  to  the  
a m p litu d e  of the  p h ase  noise an d  the de riv a tiv e  of each  co m p o n en t w ith  
respect to  the phase  offset 0o- In  the case of the carrier at com, the derivative  
is p ro p o rtio n a l to  cosGo, so the  phase  noise sp ec tru m  ab o u t the carrier is 
la rg e st w h e n  sinBo = 0. M oreover, w h en  the DC p h ase  is set to  7r, p h ase  
noise in d irec tly  re -in tro d u ces  techn ical in ten s ity  no ise , as it p e rtu rb s  the 
o p e ra tin g  phase aw ay  from  the d a rk  fringe. If in tensity  noise is s trong , this 
in d irec t p rocess m ay  p ro d u c e  the  d o m in a n t no ise  in  som e p a rts  of the  
sp ec tru m . P o la rim e te rs , as d e sc rib e d  in  th is  e x p e rim en t, are  la rg e ly  
im m u n e  to  d ire c t p h a se  n o ise  d u e  to  th e ir  co m m o n  p a th  fo r b o th  
p o la r is a t io n s , so  in te n s i ty  n o ise  is th e  d o m in a n t  te c h n ic a l n o ise  
con tribu tion . W e therefore  neglect d irect phase noise in  ou r trea tm ent.
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Frequency shifted signal-to-noise ratio
The RF signal power delivered to a receiver of input resistance r, tuned to a 
single sideband at com + cos or com - cos , at output port 1 of Fig. (5.1) is given by 
the power of the photocurrent component due to terms (5) or (6) of equation 
(5.03):
Psignal = (r/2) P2 Einc4 R2 v2 J12(9S) J,2(0m) cos20o (5.04)
where p is the detector responsivity in A/W .
The shot noise associated with the detected optical power in equation (5.03) 
delivers electrical noise power to the receiver of
P shot =  2 e B idc r
=  Pshot max [ l +  V Jo(Os) J o (^ m ) COSÖq] / 2  (5 .0 5 )
When operating away from a dark fringe, the carrier peak at com is evident, 
and in calculating the signal-to-noise we m ust account for the technical 
noise power this adds to the total noise. The technical noise power in the 
m easurement bandw idth B accompanying modulation carrier at com is:
Ptech = RIN B r p2 Einc4 V2 R2 JO2(0S) Ji2(0m) sin20o /2  (5.06)
Where RIN is the relative intensity noise as defined in equation (2.32). The 
signal-to-noise ratio is then given by P Signai / (P s h o t  +  Ptech +  Pelec)- Using 
equations (5.04), (5.05) and (5.06) we obtain the following signal-to-noise 
power ratio as a function of DC phase 0O:
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(p Einc2/2eB) R V2 J,2(0S) J12(0m) cos20o
S/N= --------------------------------------------------------------------------------------
1+ 2e+ VJo(0s) Jo(6m) cos0q +(RIN/2e) pEinc2 V2 RJO2(0S) Jx2(0m) sin20o
(5.07)
where e is the ratio of electronic noise to maximum shot noise1". Equation 
(5.07) reaches its optimum value when 0O = n, corresponding to the dark 
fringe. In an ideal interferometer (V = 1, R = 1) operating at a dark fringe, in 
the small signal limit (0S «  1) and with e = 0, equation (5.07) simplifies to
S/N = (p E ^ 2 0S2 /  8eB) {J^O J /  [l - (l-0s2/4) Jo(0m)] } (5.08)
Equation (5.08) approaches a maximum value of (p Ejnc2 0S2 /  8eB) in the 
ideal limit. The shot noise limited sensitivity in this limit is therefore
0shot = (8e / p Eij,c2 )1/2 (5.09)
This 0shot (in radians/VHz) is V2 times larger than 0shot determined for the 
direct detection scheme in chapter 3#. A simple physical explanation for this 
reduction in sensitivity is that the detection technique used at the output 
port 1, Fig. (5.1), discards one of the frequency shifted sidebands, while the 
direct detection scheme uses all available signal sideband information, 
resulting in the best possible signal-to-noise ratio.
It might be expected that using a mixer to detect both frequency shifted 
signal sidebands as in output port 2 of Fig. (5.1), would lead to a shot noise 
limited sensitivity equal to that of the direct detection scheme, however the 
following analysis will show that non-stationary shot noise at the mixed 
down output results in a sensitivity V (3/2) times worse than direct 
detection.
*  see equation (4.09) for the definition of e.
# See equation (4.14) for details of the direct detection shot noise limited sensitivity.
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Figure 5.3: Internal modulation signal-to-noise ratio versus modulation depth 0m/ 
plotted from equation (5.07) for an ideal interferometer (V = 1, R = 1), assuming a 
signal amplitude 0S = 0shot / for various electronic noise levels : (a) e = 0, (b) e = 
0.0001, (c) e = 0.0066, (d) e = 0.05.
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Figure 5.4: Internal modulation signal-to-noise ratio versus dc interferometer phase 
00, plotted from equation (5.07) for an ideal interferometer (V = 1, R = 1) with no 
electronic noise (e = 0), assuming a signal amplitude 0S = 0shot/ for various RIN noise 
levels; (a) RIN = 0 (shot noise limited laser), (b) RIN = IO'12, (c) RIN = 10'10, (d) 
RIN = 0.5xl0'8.
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In Fig. (5.3), the signal-to-noise ratio from equation (5.07) is plotted as a 
function of m odulation depth 0m for an ideal interferom eter operated 
exactly on a dark fringe, (so that technical intensity noise is suppressed), for 
different levels of electronic noise at the receiver, and for a signal 
corresponding to 0shot calculated in equation (5.09). In the small 0m regime, 
electronic noise remains the dominant noise source, and the detected signal 
power varies as 0m2. However, as 0m increases, the average DC component 
increases due to the m odulation, and the resulting growth in shot noise 
starts to outstrip the growth in the detected signal. In the large 0m limit, the 
detected signal becomes shot noise limited, and the signal-to-noise ratio 
rolls off w ith increasing 0m. Between these limits, the signal-to-noise ratio 
reaches a maximum at some finite 0m, depending on e. Clearly, electronic 
noise severely degrades the achievable signal-to-noise ratio for small 
m odulation depths. Imperfect interferometer nulls also degrade the signal- 
to-noise ratio, and very similar curves result from plotting signal-to-noise 
ratio against 0m for different values of V.
For internal m odulation interferometry, sensitivity is best when operating 
exactly on a dark fringe, and small phase shifts away from this condition 
degrade the signal-to-noise ratio. This is the indirect effect of phase noise. 
The useful operating phase range is demonstrated in Fig. (5.4), which shows 
the signal-to-noise ratio as a function of DC interferom eter phase 0o for 
different levels of laser technical intensity noise. Stronger levels of 
intensity noise (RIN) dram atically decrease the useful operating phase 
range. Hence, if the interferometer is subject to fluctuations in 0o, due to 
vibrations or frequency fluctuations, phase locking is necessary to maintain 
the signal-to-noise ratio near its optimum value.
Baseband Signal-to-noise ratio
The signal-to-noise expression for the recovered baseband signal (output 
port 2 of Fig. (5.1)) is determ ined in a similar m anner to that of the 
frequency shifted signal-to noise expression derived above, however we 
m ust now include the demodulation process. Assuming the mixer operates 
as an ideal multiplier, the output signal will be
Vsig = d(t) x i(t) (5.10)
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where i(t) is the signal photocurrent at the mixer input and is given by the 
sum of terms 4 and 5 of equation (5.03), while d(t) is the local oscillator 
waveform. In Fig. (5.1), d(t) is given by a simple sinusoid:
d(t) = D sin(ci)mt) (5.11)
The signal at the mixer output is therefore
Vsig = 2 D p EinC2 R V Jj(0s) Ji(0m) COS0Q (sin(comt) sin(tom t + xm)
x sin(cos t + x5)) (5.12)
Delivering an RF power of
Psig = D2 P2 Einc4 R2 V2J|2(0s) Ja2(0m) cos20o cos2(xm) /(2 r) (5.13)
to a receiver of input impedance r, tuned to a frequency of cos.
Shot noise is also mixed down and appears at output 2. In general, the shot 
noise power at the receiver is given by
F shot = (vshot2) /  r
= (d2(t) x ishot2> / r (5.14)
where ishot2 is given by 2eBpPdet- Using equation (5.11) and terms 1 and 6 of 
equation (5.03) for d(t) and iShot respectively gives
Pshot = 2e Bp D2 (Einc2 R/2r) <(1 + VJo(0s) Jo(0m) cos0o
+ 2 V JO(0S) J2(0m) COS0Q cos( 2comt + 2 x J  ) sin2(wmt))
= e Bp D2 (E ^ 2 R/r) {(1 + VJo(0s ) Jo(0m) cos0o )/2  
+ 2 V Jo(0s) J2(9m) cos0o(cos( 2comt + 2 xm) sin2(comt))}
(5.15)
Note that all terms involving Ji(0s) and higher have been discarded from 
the shot noise expression as they are negligible in their shot noise
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contribution, leaving only terms 1 and 6 of equation (5.03). The third term 
of equation (5.15) can be expanded to give
(cos( 2comt + 2 xm) sin2(comt)) = (1/2) (cos(2comt) cos(2 x j
- sin(2comt) sin(2xm) - cos2(2comt) cos(2 % J  
+ cos(2comt) sin(2comt) sin(2 x j  )
= (-1/4) cos(2 x j  (5.16)
Therefore equation (5.15) can be simplified to
Pshot = e Bp D2 (Einc2 R/2r) {(1 + VJo(0s) Jo(0m) coSe0)
- V Jo(es ) J2(6m) COS0O cos(2 x J  } (5.17)
Equations (5.13) and (5.17) can now be combined to give the signal-to-noise 
ratio at output port 2 for the baseband spectrum:
(p Einc2/eB) RV2J!2(0s) J12(0m) cos20o coS2(Xm)
S/N= ---------------------------------------------------------------------------------
l+2e + VJo(0s) Jo(0m) cos0o - V J o (0 s ) J2( 0 m ) cos0o cos(2 x j
(5.18)
where we have included electronic noise in the same way as in equation 
(5.07). From Fig (5.5) it can be seen that equation (5.18) reaches its maximum 
value w hen 0O = n (at a dark fringe). Note that this is the same phase 
condition used to maximise the frequency shifted signal-to-noise ratio. 
Figures (5.4) and (5.5) appear similar however Fig. (5.5) plots the signal-to- 
noise for the baseband signal assuming a shot noise limited laser while Fig. 
(5.4) plots the signal-to-noise for the frequency shifted signal for various 
amounts of RIN.
Assuming ideal optics, (V = 1, R = 1), operating at a dark fringe, setting e = 0 
and assuming 0S« 1  simplifies equation (5.18) to:
(p Einc2 0S2/4eB) J12(9m) cos2(xm)
S/N= '
1 -  Jo (0S ) Jo(9m  ) +  Jo (0s  ) J2 (0m  ) c o s ( 2  Xm) (5.19)
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Equation (5.19) is similar to equation (5.07) except that we have ignored the 
influence of technical noise and there is now a denominator term 
involving J2(0m). The optimum demodulation phase can be determined 
by plotting equation (5.19) as a function of %m. Fig. (5.6) shows that the 
optimum phase is always Xm = 0; that is where the signal power is 
maximised as is the J2(0m) noise term. The effect of demodulation phase 
sensitive noise is to distort Fig. (5.6) away from the standard cos2(xm) 
response and make the curve flat around Xm = 0 (traces a and b, Fig. (5.6)). 
As the quality of the optics decreases and the electronic noise increases, the 
J2(0m) noise term becomes less significant and the signal-to-noise response 
approaches the standard cos2(xm) (trace (d), Fig. (5.6)).
By using the optimum demodulation phase %m = 0 equation (5.19) reduces 
to
S/N= (p E ^ 2 0S2/ 4eB) Ja2(0m) /  (1 - JO(0S) Jo(0m) + Jo(0s) J2(0m)
(5.20)
By selecting the optimum modulation depth 8m equation (5.20) reaches a 
maximum of
S/N= 2/3 (p Einc2 0s2/4eB) (5.21)
Resulting in a shot noise limited sensitivity of:
9shot = (6e /p  E ^ 2 )1/2 (5.22)*
Hence the ideal performance of an internal modulation interferometer 
using sinusoidal modulation and demodulation waveforms is two thirds 
that of direct detection21 (compare equations (5.21) and (5.13)). The reduced 
performance is due to the J2(0m) noise term in the denominator of equation 
(5.20). It represents the baseband contribution of non-stationary shot noise61 
and raises the optimum noise floor by a factor of 1.5. As will be 
demonstrated in section 5.3, this reduction in performance can in principle 
be recovered by using optimum modulation/demodulation waveforms.
♦ Note that equation (5.22) differes from the equivalent expression in ref [62] by a factor of 
V3/2. This is due to ref [62] ignoring the effect of nonstationary shot noise.
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Figure 5.5: Baseband signal-to-noise ratio plotted from equation (5.18) as a function of 
dc interferometer phase for (a)V = 0, e = 0, (b) V=0.666, e = 0, (c) V = 0.666, e = 0.001, 
(d) V = 0.666, e = 0.01. All traces plotted with 0S = 0shot and Xm = 0-
71+ 0 . 4 7t+ 0 . 571+ 0 . 1
dc interferometer phase 6q in radians
Figure 5.6: Baseband signal-to-noise ratio plotted from equation (5.19) as a function of 
demodulation phase xm-
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The above analysis shows that the effect of demodulation on both signal 
and noise is to increase the signal-to-noise ratio by 4/3 (compare equation 
(5.08) with equation (5.21)) when xm is set to zero. This increase is less than 
the standard 3dB (factor of 2 in power) that would be expected from a simple 
mixer operation due to the increased noise floor at the demodulation 
output. When plotted as a function of 0m and 0O, the baseband signal-to- 
noise expression of equation (5.18) produces curves very similar to the 
frequency shifted signal-to-noise ratio plotted in Figures (5.3) and (5.4).
5.2 Experimental description
The layout of the internal modulation experiment is shown in Fig. (5.7). As 
can be seen it is identical to that of the direct detection system (see Fig. (5.5) 
for comparison) except that there is now a deliberate RF. modulation 
applied to the electro-optic modulator as well as a DC tuning voltage.
Due to the common mode stability of the polarimeter it was found that 
manually tuning the DC phase via the Soleil-Babinet compensator and the 
DC input of the EO modulator was sufficient to maintain operating phase 
very close to a dark fringe for long periods of time (typically several minutes 
or more between manual tune ups).
Note that all polarimeter experiments were performed using the frequency 
shifted signal (port 1 of Fig. (5.1)) and hence the signal-to-noise 
measurements were performed on a single sideband only.
Phase Sensitivity of the internal modulation yolarimeter
With the observed electronic noise level e = 0.0066, Fig. (5.3) indicates that a 
modulation depth 0m = 0.7 radians is required to optimise the signal-to- 
noise ratio and achieve 85% of its ideal (e = 0) value. However, the largest 
experimentally achievable modulation depth was 0.11 radians, which allows 
the signal-to-noise ratio to reach only 18% of its ideal maximum. The 
minimum resolvable signal 0S, in a bandwidth of 1kHz is therefore 
predicted to be 0.76 prad, a factor of 2.3 larger than 0shot °f 0-33 prad 
calculated from equation (5.09) for this scheme. Experimentally, the signal- 
to-noise ratio was found to be reduced to 15% of its maximum predicted
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value, resulting in a minimum resolvable signal 0S of 0.85 ± 0.2 firad. This 
translates into a retardance phase sensitivity of 26 ± 5 nano radians/VHz.
A typical frequency shifted spectrum is shown in Fig. (5.8). A deliberate 
signal at 10 kHz is applied to the KD*P crystal producing signal sidebands at 
25 MHz ± 10 kHz. The signal strength is 0.85 firad and the RBW is 1kHz 
resulting in a signal-to-noise ratio of approximately 3dB for each sideband. 
The large modulation carrier component at 25MHz is evidence of a 
significant RMS phase error in tuning the DC polarimeter phase exactly 
onto a dark fringe.
Figure 5.7: Schematic of the internal modulation polarimeter experiment.
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Figure 5.8: Signal spectrum for the frequency shifted output. Trace (a) shows the 
signal sidebands and the residual modulation carrier while trace (b) shows the 
electronic noise floor.
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Figure 5.9: r.f. power spectrum of photocurrent obtained from the frequency shifted 
output for a 4.5 kHz signal and 25 MHz modulation carrier, at various dc phase 
detunings from the dark fringe: (a) very close to n radians (dc dark fringe), (b) 3.8 
mrad away from the dark fringe, (c) 7.7 mrad away from the dark fringe and (d) 23 
mrad away from the dark fringe. The noise floor in (b), (c) and (d) is laser technical 
noise associated with the carrier, while in (a) it is electronic noise. Shot noise is not 
evident in any of these traces.
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Trace (b), Fig. (5.8) shows the electronic noise floor of the detector amplifier 
combination. As can be seen, this electronic noise dominates the 
measurement spectrum. Hence, the internal modulation polarimeter does 
not produce shot noise limited performance as it currently operates, due to 
the dominance of electronic noise. A decrease in e to about 1/60 of its 
present value would be required, for the given modulation depth 0m = 0.11 
radians, to move to a shot noise limited regime (curve (b) in Fig. (5.3), for 
example), corresponding to a 60-fold optical power increase, (to 1.1 W inside 
the interferometer) if electronic noise remains constant. This could be 
achieved by power recycling with a resonant cavity. Alternatively, 
increasing modulation depth 0m by a factor of 6 (to around 0.7 radians) will 
allow shot noise limited operation with this value of e (curve (c) in Fig. 
(5.3)) and increase S/N to better than 80% of its ideal value.
From equation (5.03), it can be seen that slight deviations from the DC 
interferometer null will produce a photocurrent modulation at the rf 
modulation frequency com, with corresponding noise power proportional to 
sin20o. The power spectrum will exhibit a peak at this frequency (suppressed 
at the null), along with associated technical intensity noise.
For very low signal frequencies the signal sidebands lie very close to the 
modulation carrier peak, where the relative intensity noise of the laser, 
RIN, is very large. From equation (5.07) and Fig. (5.4) it is apparent that this 
has the potential to severely degrade the signal-to-noise ratio, and reduce 
the useful range of 0o about 7C. The lower the signal frequency, the smaller 
the useful phase range becomes. Fig. (5.9) illustrates the effect of small 
phase detunings for a 4.5 kHz signal. At the dark fringe, the signal-to-noise 
ratio is around 30 dB. Just 7.7 milliradians from the dark fringe, the signal 
sidebands have been obscured almost completely by the modulation peak 
and its surrounding noise. In this experiment, with only manual 
optimisation of DC phase, signals at frequencies as low as 2 kHz could be 
measured, with negligible laser intensity noise.
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Figure 5.10: RF power spectra obtained using both direct detection and internal 
modulation for a signal at 621 kHz (arrows show the signal peak in both diagrams), 
(a) Direct detection gave S/N = 3 dB, due to strong laser intensity noise near the 
relaxation oscillation peak of the laser source, (b) Direct detection electronic noise 
floor, (c) Internal modulation at 25 MHz improved S/N to 33 dB, with only electronic 
noise limiting the sensitivity.
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Comparison of direct detection and internal modulation schemes
Clearly, suppression of laser technical noise using internal m odulation 
allows signals at frequencies otherwise undetectable due to laser technical 
noise to be extracted. In Fig. (5.10), a sample signal is imposed on the sensor 
crystal at around 620 kHz, very close to the resonant relaxation peak due to 
our laser source. The internal m odulation technique suppressed laser 
intensity  noise to produce a 30 dB im provem ent in signal-to-noise, 
compared to direct detection, in this part of the spectrum.
The degree of noise suppression depends on how steadily a dark fringe can 
be m aintained in the interferometer, and how far the laser intensity features 
extend above the shot noise floor. Suppression of strong features in the 
noise power spectrum by almost 70 dB was experimentally observed. Hence, 
w ith this polarimeter, a signal lying 67 dB below laser technical intensity 
noise using direct detection can be extracted with a signal-to-noise of 3 dB 
using internal modulation.
5.3 Non-stationary shot noise in internal modulation interferometers.
Although equations (5.18) and (5.19) include the effects of non-stationary 
shot noise, it is instructive to analyse the origins of this noise in a time 
dom ain approach.
Starting with the standard optical shot noise expression:
where we have assumed a single sided power spectrum. If Idc is a function 
of time then, using a double sided power spectrum, gives a noise spectral 
density of:
<in2> = 2 e Idc B (2.28)
<in2> = e I(t) (5.23)
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As shot noise is spectrally flat ("white") we can assume a delta correlation as 
follows;
<in(t)in(t + x)> = e I(t) 5(t) (5.24)
where 5(x) is the Dirac delta function.
Optical internal modulation shifts the signal spectrum to higher frequencies 
at com ± cos. Baseband signals are recovered by feeding the photocurrent 
(signal + noise) into a mixer where it is m ultip lied  by a periodic 
dem odulating function D(t). The autocorrelation of the shot noise yn(t) at 
the mixer output is
<yn(t) yn(t + x)> = e D2(t) I(t) 8(x) (5.25)
The instantaneous power spectral density can be determ ined from the 
Fourier transform of equation (5.25).
Spectral inform ation is extracted by tuning a receiver, w ith  a finite 
integration time T, to a desired frequency f. To resolve spectral information, 
T m ust be much greater than the dem odulation period. The shot noise 
power spectral density (again, assuming a single-sided power spectrum) is 
then
Pn(fzt) = 2 e D2(t) I(t) (5.26)
where the bar denotes an average performed over the integration time T of 
the receiver. This spectrum  is flat (independent of frequency f) but the 
average on the right hand side may vary slowly compared to T.
Of particular interest is an interferometer, with high fringe visibility, set to a 
dark fringe, and subject to deliberate internal phase m odulation. In the 
absence of signals, simple sinusoidal phase modulation at a frequency fm Hz, 
centred about the quadratic  tu rn ing  poin t (dark fringe) produces 
approxim ately  sinusoidal in tensity  m odulation , at tw ice the phase 
m odulation frequency. This can be seen from equation (5.03) by setting 0S = 
0, 0o = 7T, R = 1 and V = 1 to give
I(t) -  p Einc2/2 { 1 - J0(9m) - 2 J2(6m) cos[ 2cnut + 2 xJ  ) } (5.27)
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using a low order expansion to simplify the Bessel functions Jo(0m) and 
J2(0m)/ valid for 9m « 1  gives
I(t) -  p Einc2/2 { 1 - (l-em2/4) - 2(em2/8)cos[ 2comt + 2 Xm]}
-  P Einc2/2  (0m2/ 4) (1 - cos[ 20^1 + 2 Xm])
-  io (1 - cos[ 4it fmt + 2 XJ )  (5.28)
where io is the average photocurrent incident on the detector. The same 
internal modulation at fm would also shift any baseband signal spectrum by 
fm, hence demodulation with any periodic waveform with a fundamental 
frequency fm will recover the baseband signal spectrum. The simplest 
demodulation waveform that performs this role is :
D(t) = V2 sin [ 2 it fmt] (5.29)
where V2 has been used to give the standard shot noise expression at the 
mixer output. The noise power spectrum is obtained by substituting 
equations (5.28) and (5.29) into equation (5.26):
Pn(f,t) = Pshot [1 + 0.5 COS(2 Xm) ] (530)
where Pshot = (2 e io/T) is the noise power at the standard shot noise limit for 
a constant photocurrent i0. The phase dependence is caused by intensity 
modulation resulting from the deliberate optical phase modulation. (In this 
treatment we have assumed that 0S = 0. However, typical signals have 
negligible effect on shot noise and so this analysis is valid for the general 
internal modulation case 0S <<0m.) Optimum baseband signal recovery 
requires = 0, which corresponds, unfortunately, to an increased noise 
power of 3Pshot/2. Setting the demodulation in quadrature with the 
modulation (xm = n/2) results in a reduced noise floor of Psql/2, and zero 
recovered baseband signal. Best signal-to-noise is obtained when = 0/ as 
seen in Fig. (5.6).
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Figure 5.11 (a) Non-stationary noise in(t) = white noise x sin2[27ufmt]. (b) i(t) x D(t); 
(D(t) = sin[2nfmt].) (0  i(t) x D(t); (d(t) = cos[27ufmt].)
The reason for the phase dependence in equation (5.30) can be seen in a 
heuristic picture of the time domain process of demodulation (see Fig. 
(5.11)): A modulated noise function is multiplied by in-phase (Fig. (5.11B), 
Xm = 0) and quadrature (Fig. (5.11C), Xm = rc/2) waveforms. The in-phase 
waveform "picks out" non-stationary noise more efficiently than the 
quadrature waveform. Equations (5.26) to (5.29) imply that any modulated 
photocurrent exhibits phase-dependent shot noise when demodulated at 
half of the intensity modulation frequency.
Optical and electronic configuration for the observation of Non-stationary 
shot noise
The arrangement shown in Fig. (5.12) was implemented to demonstrate the 
phase dependent shot noise in equation (5.30). Light was strongly intensity 
modulated by locking a Michelson interferometer midway between dark 
and bright fringes, and driving a resonant phase modulator in one arm at 
75MHz. This proved more effective, for the simple purpose of achieving 
deep optical intensity modulation, than operating around a dark fringe.
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The interferometer was locked by minimising the second harmonic (150 
MHz) in the intensity spectrum, via a piezo mounted mirror in one arm. 
The maximum detected optical power at 1064nm was around 5mW, with a 
minimum of 0.17mW, a fringe visibility of 0.935.
As described in section 2.5, an electronic mixer typically performs a 
multiplication by a waveform approximating a square wave at the local 
oscillator fundamental frequency. In order to perform the simple 
sinusoidal multiplication operation described in equation (5.29) it was 
necessary to include a 50 MHz low pass filter in the photocurrent path prior 
to the mixer operation. The higher harmonics of the local oscillator (at 
37.5MHz x 3, x 5, x 7, x 9 etc) then have effectively no photocurrent to 
operate on (the 50MHz low pass filter was a high order filter giving greater 
than 80dB suppression by 112.5MHz) and the fundamental alone, produces 
the baseband mixer output.
Another reason for the 50MHz low pass filter before the fundamental mixer 
is that due to strong intensity modulation at 75MHz, there is a large 
photocurrent component at 75MHz. In comparison to shot noise this 
75MHz signal was so large that mixer saturation occurred if the signal 
wasn't filtered out to a large extent*.
As equations (5.27), (5.28) and (5.30) show, intensity modulation at 2 fm 
produces phase dependent shot noise when demodulated with an electronic 
local oscillator at frequency fm. In our experiment the intensity is 
modulated at 75MHz. It is therefore necessary to use a demodulation 
frequency of 37.5 MHz. Offsetting the demodulation frequency slightly from 
37.5 MHz produces a slow monotonic variation in the phase in equation 
(5.30), effectively scanning %m(t) through all values between 0 and 2n 
repeatedly. The RMS noise oscillates between the two extremes allowed by 
equation (5.30) at a rate equal to twice the demodulation frequency offset. 
The expected variation in shot noise is therefore 1.5/0.5 = 3 or 4.8 dB.
* Note that saturation occured for both the fundamental mixer and the third harmonic if 
adequate filtering wasn't performed. The third harmonic mixer used a 100MHz high pass 
filter to remove the 75MHz modulation.
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Figure 5.12 Experimental arrangement for measuring phase dependence of non­
stationary shot noise.
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Experimental results for simple sine-sine modulation-demodulation 
functions
In Fig. (5.13), trace (a), the demodulated shot noise is plotted against time, 
for a demodulation frequency offset of a few Hz. The observed peak-peak 
variation is very close to the 4.8 dB predicted for completely sinusoidally 
modulated light, indicating that the effects of electronic noise e and V less 
than one are negligible in this measurement. The effect of sweeping the 
demodulation frequency offset through zero is shown in Fig. (5.13), trace (b). 
The receiver post-detection bandwidth has been deliberately reduced to 
average out oscillations above 100 Hz. When the demodulation frequency 
is sufficiently far from 37.5 MHz, the observed noise averages to the 
standard shot noise level, highlighting the 1.8 dB noise penalty in the 
modulation quadrature.
Figure 5.13: (a) Demodulated noise power at 10 MHz (using fundamental harmonic 
only). RBW = 100 kHz, VBW = 100 Hz. (b) As in (a), but sweeping demodulation 
frequency offset through 0 Hz.
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Using more complicated demodulation waveforms
This excess noise can be partially cancelled by demodulating with higher 
(odd) harmonics. This does not affect the recovered baseband signal 
spectrum, as higher harmonics are orthogonal to the modulation 
waveform, but the signal-to-noise ratio is improved by lowering the non­
stationary shot noise floor. The optimum demodulation waveform can be 
shown to be the inverse of the modulation waveform21'61. A simple 
realisable waveform which reduces demodulated shot noise contains both 
fundamental and third harmonics:
D(t) = V2 [ sin(27i fm t + Xm (t)) + y sin[67t fm t+3%m (t) + <j)] ] (5.31)
where y and <J) are the relative amplitude and phase of the third harmonic 
with respect to the fundamental. Substituting equations (5.31) and (5.28) 
into equation (5.26) gives the demodulated shot noise power spectrum:
Pn(f,t) = Pshot [1 + 1/2 COS [2 Xm (t)] + T2 - ■ycos[2 Xm (t)+ <)>]] (5.32)
Again this spectrum is flat. The modulation and quadrature phases are 
defined by Xm = 0 and n/2 respectively. Setting y = 1/2 and (j) = 0 reduces the 
in-phase noise to its minimum possible value, 1.25 P sh o t/ down from 1.5 
P sh o t using the first harmonic only, a noise suppression of 0.8 dB61.
Once again, a time domain description illustrates the process. Consider the 
modulated noise shown in Fig. (5.11), trace (a). Fig. (5.14) shows the 
resulting noise for various demodulating waveforms consisting of 
combinations of the first and third harmonics at different phases Xm and <}). 
When <J) = 0, the phase dependence in the demodulated noise disappears. 
(Signal demodulation still requires Xm = 0.) In contrast, when <{) = n, the 
resulting demodulating waveform is much more peaked, and more 
efficiently picks out the increased noise in the fundamental modulation 
quadrature, greatly exaggerating the phase dependence of the resulting 
noise.
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The effect of rapidly scanning Xm, while slowly varying <j) is plotted from 
equation (5.32) in Fig. (5.15), trace (a). This spectrum reflects the time 
domain predictions of Fig. (5.14). In particular, the demodulated noise 
limits are +3.5 dB and -6 dB for <j) = n and +0.97 dB (constant) for <J) = 0.
Figure 5.14: D(t) and demodulated noise in(t) x D(t): (a) Xm = 0, <J> = 0 (b) Xm = rc/2, <j) 
= 0 (c) Xm = 0, <t> = n (d) Xm = n/2, $ = n.
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Electronic configuration of 1st and 3rd harmonic demodulation experiment
Experimentally, a third harmonic is produced by doubling the fundamental 
and mixing it with the original (inside dashed box in Fig. (5.12)). The 
residual fundamental is removed by a high-pass filter. The third harmonic 
is mixed with the non-stationary shot noise in a separate mixer (to prevent 
mixer saturation). The two mixer outputs are added at a signal combiner, 
and the output fed to a receiver. This operation is equivalent to combining 
the demodulation waveforms prior to mixing with the noise and was 
chosen so that y and <|> could be set independently while maintaining the 
optimum local oscillator power required to operate the third harmonic 
mixer.
The demodulation phase Xm(t) is scanned by offsetting the demodulation 
frequency from 37.5 MHz. One mixer output is delayed by 0.48|is, enabling 
the waveform phase (j> in equation (5.32) to be varied slowly by sweeping the 
receiver frequency, f (A<f>/Af -  2n radians per 2.1 MHz). As the resulting 
noise is spectrally flat, scanning the receiver frequency simply changes the 
relative phase of the third harmonic at the final combiner. The third 
harmonic amplitude y was set by a variable attenuator after the mixer 
operation.
Experimental results of using a first and third harmonic demodulation 
function
The experimental noise spectrum obtained with the combined harmonics is 
shown in Fig. (5.15), trace (b) and measured spectra due to each harmonic 
alone are given in Fig. (5.15), trace (c) and (d). Good qualitative agreement is 
obtained with Fig. (5.15), trace (a), in particular, strong undulations of the 
envelope as (j) is varied, confirming that the two mixer outputs are 
correlated. Filter-induced spectral asymmetry is believed to be responsible 
for the incomplete nodes in the experimental spectrum in Fig. (5.15), trace 
(b). This asymmetry also altered the optimum choice of y. The use of 
optimised filters in future designs should allow the expected noise 
reduction of 0.8 dB to be attained using the combined first and third 
harmonic demodulation function.
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Figure 5.15: (a) Theoretical demodulated noise, in dB relative to Pshot/ Y = 0.5, <p(t) 
scanned rapidly, 0 varied slowly, (b) Experimental noise using 1st & 3rd harmonics, y 
= 0.36. (c) Experimental noise using 1st harmonic (37.5 MHz) only, (d) Experimental 
noise using 3rd harmonic (112.5 MHz) only.
Frequency in MHz
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Optimum modulation-demodulation functions
As pointed out by Schnupp65, Niebauer et al61 and Meers et al21, the 
optimum modulation-demodulation waveform combination for internal 
modulation interferometry is one where
where M(t) is the modulation function and D(t) is the demodulation 
function. Any combination for which equation (5.33) is true will give 
optimum limiting sensitivity of
identical to that of the direct detection system.
For electro-optic modulators requiring significant modulation depth we are 
restricted to sinusoidal modulation functions M(t) = sin(27T fm t). Equation 
(5.33) then infers that the optimum demodulation function is an inverse 
sinusoid. Fig. (5.16) plots several choices of M(t) and D(t) associated with a 
sinusoidal modulation function. As can be seen, trace (a) goes to infinity on 
a periodic basis and is clearly impractical. However, the optimum choice of 
first and third harmonics (trace (b)) is seen to be a good approximation to an 
inverse sinusoid (significantly better than the standard sinusoid itself). 
Detailed calculations based on equation (5.26) show that the demodulation 
functions of trace (b) and (c) yield approximately the same result; ldB of 
excess shot noise in the signal quadrature. It is, in principle, therefore only 
necessary to use a broad band detector and a standard rf mixer to 
demodulate the photocurrent rather than the first and third harmonic 
system used in this experiment. However, as mentioned previously, the 
dynamic range of standard mixers is insufficient to prevent the mixer 
saturating due to the 2fm component and still be sensitive enough to 
demodulate shot noise.
M(t) x D(t) = Constant (5.33)
6shot = (4e /p  Einc2 )1/2 (5.34)
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Figure 5.16: Several possible modulation-demodulation waveform combinations, (a) 
sinusoid - inverse sinusoid, (b) sinusoid - first and third harmonics, (c) sinusoid - 
square wave.
By including still higher harmonics (5th, 7th etc) it is, in principle, possible 
to reduce the excess shot noise still further. However, greater electronic 
complication is required and the possibility of added electronic noise 
cancelling any improvement in shot noise would suggest that the use of 
higher harmonics in the demodulation waveform is impractical.
It should be noted that as fringe visibility V is reduced from unity and 
electronic noise e becomes significant, the effects of non-stationary shot 
noise are greatly reduced. This is due to the fact that both poor V and large e 
increase the stationary noise in the final output. As stationary noise 
increases, the use of higher harmonics in the demodulation waveform 
quickly becomes counter productive as they shift both stationary and non- 
stationary noise down to baseband. The non-stationary noise components 
cancel a fraction of the correlated noise while the stationary components are 
uncorrelated and simply add noise power to the baseband output.
The use of higher harmonics in the demodulation waveform should 
therefore be restricted to high quality interferometers (V -» 1) with little 
electronic detector noise.
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5.4 Conclusion to chapter five
Internal m odulation interferom etry using sine wave m odulation  and 
demodulation, has been shown to produce a limiting sensitivity of V(3/2) 
times that of direct detection. The factor of V (3/2) was shown to be due to 
the excess non-stationary shot noise in the signal quadrature of the baseband 
spectrum.
We have demonstrated that internal modualtion is effective in suppressing 
laser intensity noise by up to 67 dB in our experiment. We were therefore 
able to detect shot noise limited signals at frequencies down to ~ 2 kHz.
The internal m odulation experiments described in this chapter used a 
retardance modulated polarimeter. While being analytically equivalent to a 
M ichelson interferom eter, the polarim eter has several advantages; the 
optical path is common to both "arm s" and therefore largely imune to 
mechanical noise, w avefront distortions due to the m odulator are also 
common to both arms and therefore a high fringe visibility is obtained even 
for grossly distorting modulators. Both of these advantages are absent in an 
internal m odulation Michelson interferometer.
The optim um  operating phase for an internal m odualtion interferom eter 
was show n to be exactly at a dark fringe. U nder this condition, our 
interferometer achieved a phase sensitivity of 2.6 ± 0.5 x 10-8 radians/VHz. 
For the optical power available, the optim um  sensitivity is predicted to be 
1 x 10'8 radians/VHz. The reduction in sensitivity was shown to be due to 
electronic photodetector noise in conjunction with insufficient m odulation 
depth (0.11 radians rather than the optimum value of 0.7 radians).
The dem odulation phase dependence of non-stationary shot noise was 
demonstrated experimentally with the shot noise varying by ~ 4.8dB as the 
demodulation phase was scanned.
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A complex demodulation function, consisting of both the fundamental and 
the third harmonic was shown to produce a much greater phase dependent 
noise floor ( ~ 7dB). The shot noise demodulated by the third harmonic was 
shown to be correlated with that demodulated by the fundament 
component, demonstrating the potential to cancell out some of the excess 
non-stationary shot noise.
Chapter 6
External Phase Modulation Interferometry
In order to remove the phase modulators from within the Michelson 
interferometer, and hence avoid the wavefront distortion and loss problems 
of internal modulation, the external modulation technique may be used62. 
As the external modulation technique retains the noise suppression 
characteristics of the internal modulation technique, it is an ideal candidate 
for high sensitivity applications.
In this chapter, we investigate the performance and operational 
requirements of a generic external modulation scheme, in which the output 
of a Michelson interferometer is coherently combined with a reference 
beam tapped off the input beam. This constitutes a Michelson 
interferometer within a Mach-Zehnder interferometer.
In Section 6.1 we analyse our generic model and derive the expected signal- 
to-noise performance, accounting for non-ideal features one might expect in 
practice. We find that both electronic noise in the detectors and imperfect 
fringe contrast in the Michelson interferometer increase the required optical 
power tap-off fraction, and reduce the achievable sensitivity. By contrast, we 
find that the optimum phase modulation depth in the local oscillator arm 
and the required DC optical phase settings for both the Michelson and local 
oscillator arms are fixed, regardless of interferometric fringe visibility or 
detection system quality.
We find that the ultimate achievable sensitivity in an ideal external 
modulation system is comparable with that of internal modulation, and 
that both schemes (for different reasons) suffer about a 33% sensitivity 
penalty compared to ideal direct detection, when simple modulation and 
demodulation waveforms are used21.
Section 6.2 describes our optical and electronic configuration, including 
technical considerations affecting the design, such as the need to achieve 
reasonable Gaussian beam matching throughout the interferometer, to
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adjust the optical power tap-off fraction into the local oscillator beam, and to 
compensate vibrational disturbances in the interferometer with piezo- 
controlled mirrors.
Section 6.3 describes our experiments performed to measure the achievable 
interferometric sensitivity, to compare the results to theoretical predictions, 
and to investigate aspects of the technical design of practical interferometers 
which do not fall into the realm of our analytic model.
6.0 Perspective
An early publication of external modulation interferometry was by Man et 
al62. In that experiment, a simple Michelson interferometer, both with and 
without power recycling was used in conjunction with a tap-off reference 
beam to form an external modulation interferometer. Man et al also derive 
a simple theory to predict the shot noise limited sensitivity of this system. 
Modest agreement between theory and experiment was achieved (within a 
factor of 2).
Fritschel12 performs a similar external modultion experiment however, he 
uses both a simple Michelson and a Fabry-Perot cavity arm Michelson 
interferometer. Fritschel achieves good agreement with theory (across a 
wide range of modulation indecies; ~ 0 to ~ 0.8 radians) when considering 
signal response alone. The shot noise limited sensitivity, however 
disagrees with predictions by a factor of ~ 1.9.
Strain63 records an external modualtion experiment based on a simple 
Michelson interferometer. He uses a signal frequency of 6kHz and records 
good agreement between the predicted shot noise limited sensitivity and 
that achieved.
In our experiment, we use a simple Michelson interferometer with a 
reference beam tapped off before the laser beam enters the Michelson 
interferometer. We derive a theory involving all essential non-ideal 
parameters. Unlike Man et al, Fritschel and Strain, our theory explicitly 
demonstrates the effects of reference beam tap-off ratio and arbitary optical 
phase position. We can therefore predict the optimum tap-off ratio as a 
function of electronic noise level, fringe visibility and RMS optical phase
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error. By careful calibration and measurement we achieve excellent 
agreement with experimental values (typically within 0.5dB).
6.1 External modulation interferometry : A generic model
O p tic a l f ie ld s  in the in terferom eter
We model changes in the arm length difference in the interferometer by 
equal and opposite phase changes in the two arms 0(t)/2*. The input light 
is associated with an electric field amplitude Einc, and is split into two beams 
at a simple lossless beamsplitter (loss is modelled by assuming a smaller 
effective input field Einc). The interferometer input field has amplitude:
where a  is the (power) transmissivity of the tap off beamsplitter. Using the 
beam splitter phase definition of section 2.2, we may write the local 
oscillator field emerging from the beamsplitter in complex notation:
We now trace both beams through the apparatus to determine what field 
amplitudes will add at the detectors after the final beam combiner.
The interferometer input field is split at a 50:50 beam-splitter (losses 
subsumed into the non-ideal, end mirror reflectivities), propagates along 
each arm of the Michelson to a non-ideal mirror, and back again, 
recombining at the beamsplitter to produce an output field
where a and b are the power reflectivities of the two end mirrors in arm A 
and arm B respectively.
( 6.01)
Elo = i ( l - a ) 1/2Einc ( 6.02)
Emo = iaJ/2 Ejnc ( e ie/2Va + e -i9/2 Vb )/2 (6.03)
+ Note that 0 /2  in each arm, rather than 0 in a single arm is used for mathematical 
convenience. The resulting signal-to-noise expression is valid for both situations.
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Figure 6.1: Schematic plan of a generic external modulation interferometer.
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The electric fields incident on the two photodetectors are then a coherent 
sum of the Michelson output field and the modulated local oscillator field, 
taking into account phase shifts incurred in the local oscillator arm (<j> = <j)(t), 
due to the combined effects of the external arm phase modulator and the DC 
optical path difference) and in the final beam combiner (tu/2):
Ei = (Emo + iEloei<t>)/V2
= (E/V2) [ ia1/2E ( e i0/ 2Va + e•‘9/2 Vb )/2  - (1 - a)1/2e><t>] (6.04a)
E2 = (iEmo + Eloei<t')/V2
= (E/V2) [ - o1/2 ( e i0/2Va + e _i9/ 2 Vb )/2  + i (1 - ot)’/2 ei«] (6.04b)
P h o to cu rr e n ts
Equations (6.04) can be multiplied by their complex conjugate (p E.E*) to 
give the photocurrents at both detectors:
h  = (Eine2 p /2) { (a  + b) a /4  + (1-a) + cos0 (ab)17/2 a /2
- (a (l-a))1//2 [ Vb sin(0/2 + d ) “ Va sin(0/2 - <j>) ] } (6.05a)
I2 = (Eine2 p /2) { (a  +b) a /4  +(l-a) + cos0 (ab)1 ^ 2a /2
+ (a (l-a))1//2 [ Vb sin(0/2 + <j)) - Va sin(0/2 - ({>)]}  (6.05b)
The signal phase 0 and the modulation phase <}> are time dependent, and for 
simplicity, we will assume sinusoidal variations as follows:
0 = 0o + 0S sin(cost) (6.06a)
<t> = (J)0 + (})m sin(comt) (6.06b)
Here, 0o and <j>o are the DC phase offsets in the Michelson interferometer 
and the local oscillator beam respectively, while 0S and <{>m are modulation 
depths due to the signal and external modulation at frequencies cos and com 
respectively.
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Frequency components in the photocurrents
Substituting the phase variations of equations (6.06) into equations (6.05) 
give an expression for the detector photocurrents which can be expanded 
using Bessel functions. The photocurrent exhibits DC and AC components, 
at frequencies corresponding to the baseband modulations at cos and com, 
intermodulation components at com ± cos, as well as higher order harmonics 
which will not figure in the demodulation process to follow. We now give 
expressions for the components of interest.
The DC photocurrent in each detector is as follows:
Ii,2(dc) = (Eine2 p/2) { (1-a) + a  [ (a +b)/4 + cos0o (ab)1/2 JO(0S) /z]
± (a (l-a))1/2 Jo(0s/2) Jo(<t>m)
X [Va sin(0o/2 - 0o) - Vb sin(0o/2 + 00)]}
(6.07)
where the ± sign refers to current at detectors 1 (+) and 2(-). The first three 
terms represent the total DC power incident on the two beam combiner 
ports. The (1-a) term represents power from the local oscillator arm, and 
the other two terms proportional to a  represent power emerging from the 
Michelson interferometer, complete with the standard phase dependence 
COS0O. When there is no signal in the interferometer, Jo(0s) becomes unity 
and perfect fringe contrast can result if a = b (identical mirrors). The 
presence of signals in the interferometer destroys the perfect interference in 
this DC picture, because the phase variations allow light to be transmitted 
through the interferometer even when the DC phase 0o is set to n, a dark 
fringe.
The term following the ± sign, proportional to V [a(l-a)], represents power 
variation at the detectors due to phase differences between the local 
oscillator and the Michelson output.
As in chapters 4 and 5, laser intensity noise is carried implicitly in all Einc2 
terms.
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The baseband signal component (which can be lost in intensity noise 
associated with the DC component) is:
M c o s) = Eine2 p { - a  sinOo (ab)1/2 Ji(0s)/2
±  (a (l-a))1/2 Ji(ös/2) Jo(<t>m) p a  cos(90/2  - <t>o) - ^b cos(90/2  + <t>0)]}
X sin(cos t)
(6.08)
where again the ± sign refers to detectors 1 and 2 respectively. The first term 
represents the square law detector response to optical sidebands and carrier 
emerging from the Michelson. The term following the ± sign represents 
interaction between optical sidebands emerging from the Michelson and the 
optical carrier of the local oscillator.
Similarly, a component appears at the external modulation frequency :
Il,2(Wm) = - Eine2 P (a (I-»))’72 Jo(0S/2) Jl(<|>m)
X [Va cos(9o/2 - 0o) + 'ib cos(0o/2 + 00)] sinCtOm t) (6.09)
This component is solely due to interaction at the detector between the 
optical carrier from the Michelson and the PM sidebands from the local 
oscillator. There is no self-interaction between the local oscillator sidebands 
and its own carrier, as these retain strict PM symmetry.
Finally, the component containing the shifted signal information is given 
by:
lu (0)m  ± CDs ) = ± Etac2 p(<X (1-<X))1/2 Jl(9s/2 )  Jl(0m)
X [Va sin(90/2 - 0o) + Vb sin((90 /  2 + 00)] 
x [cos(com - cos)t - cos(com + CDs)t]
(6.10)
These shifted components are due to the interaction at the detector between 
the optical modulation sidebands from the Michelson and Local Oscillator 
beams.
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The photocurrent from detectors 1 and 2 are combined in an RF 
splitter/combiner. The 180° output of the RF splitter/combiner is expressed 
as:
fe-= ( I i -  h V ' h  (6.11)
Substituting equation (6.10) into equation (6.11) gives the frequency shifted 
signal sidebands that appear at the splitter /combiner output:
ll-(0>m  ±  CDS ) =  V2 Eine2 p (<X (l-OC))1^  J1(0 s / 2 ) Jl(4>m)
X [Va sin(0o/2 - <t>o) + Vb sin((0o/2 + tyo )]
X [cos(omt - cost) - cos(comt + cost)] (6.12)
Demodulation of the frequency-shifted signals and noise
The operation of the mixer is to shift this signal back to baseband. This is 
achieved by multiplying the subtracted photocurrent output by a sinusoid at 
the modulation frequency:
D(t) = d sin(com t + x) (6.13)
This demodulation waveform is offset relative to the modulation 
waveform by an RF phase X/ ami its amplitude d includes any gain or 
attenuation in the mixer. Multiplying equation (6.12) by equation (6.13) and 
disregarding all high frequency terms (ie. sum-frequency terms near 2com in 
the spectrum) gives the recovered signal component at a receiver located at 
the mixer output. Sum-frequency terms are filtered out by the receiver, in 
practice. The variance due to demodulated signal alone in the mixer output 
is:
asig2 = 2 d2 Eine4 p2 a  (1-a) Ji2(0s/ 2) Ji2(<t>m) cos2x 
X [a sin2(0O/ 2 - bo) + b sin2(0o/2 + <t>o )
+2 (ab)1/2 sin(0o/2  - <|>o) sin(0o/2  + <{>o )] (6.14)
Clearly it is important to select the correct demodulation phase x#- From 
now on, cos2x = 1 will be assumed.
# The demodulation phase x can be controlled by varying the relative time delay between 
the signal and the local oscillator at the point where they both enter the mixer.
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The total variance at the mixer output also contains a shot noise 
component, resulting from the subtraction of two uncorrelated shot noise 
contributions (half of the shot noise from each detector, due to the action of 
the passive splitter/combiner):
Oshot2 = 2 d2 e B X [ <H> + <I2> ] /  2 (6.15)
Here B is the resolution bandwidth of the receiver used, and e is the 
fundamental electronic charge. There is no dependence on the 
demodulation phase X/ and only the long-term average photocurrents (Ii) 
and (I2) are important in calculating shot noise. Substituting equation (6.07) 
into equation (6.15) gives :
CTshot2 = d2 e B E ^ 2 p [ (1-a) + a (a +b)/4 +a /2  (ab)1/2 Jo(0s) cos(<J>o)]
(6.16)
Electronic noise due to detectors and amplifiers must also be considered 
when evaluating the total noise at the receiver, and this can be expressed as 
a noise variance after the mixer:
CTelec2 = d2 e B Etac2 p e (6.17)
Here, e is the ratio of the measured electronic noise after the mixer to the 
shot noise which would be observed at the same place if all of the optical 
power entering the interferometer was incident on the detectors (eg. set 
a  = 0 in equation (6.16)). We have chosen to scale electronic noise in this 
manner for experimental and mathematical convenience. Note that the 
above definition of e includes the electronic noise contributions from both 
detectors unlike e used in chapters 4 and 5, hence there is a factor of 2 
difference when using identical incident optical powers and detectors.
There is a third noise component of interest in this scheme - laser intensity 
noise in the demodulated photocurrent spectrum. This noise component at 
the receiver is proportional to the subtracted photocurrent at frequency com 
as discussed above and is therefore sensitive to the operating phases 0o and 
4>o. At the mixer output this com component appears as a DC component
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surrounded by its related technical noise. The DC component can be 
approximated (setting a = b = 1) by:
Idc =  d 2  V 2E inc2 p (a ( l-a ))1/2Ji((j)m) cos(0o/2) cos(do) (6.18)
With the associated technical noise variance given by:
Otech2 = 8 RIN d2 B Eine4 p2 a  (1-a) J i2(dm) cos2(0o/2) cos2(do) (6.19)
where RIN is the relative intensity noise of the laser with respect to the DC 
component it is associated with.
Signa l-to -N o ise  ratio in the dem odulated o u tp u t - general case
The signal to noise power ratio for the external modulation system is then 
given by CFsig2/  (<7shot2+^elec2+ t^ech2):
S /N  = 2 Eine2 p a  (1-a) Ji2(0s/2) Jl2(dm) X
a sin2(0O/ 2 - do) + b sin2(0o/2 + do ) + 2 (ab)1/2 sin(0o/2 - do) sin(0o/2 + do)
eß[a(a  + b)/4+(l-a) +a/2(ab)1/2Jo(0s) cos(0o) +e + 8 RIN E2pa(l-a) Ji2(dm)/e ]
( 6.20)
The signal-to-noise ratio in (6.20) is general for our configuration. 
However, we may simplify this expression by noting that only a few 
particular situations are of interest. We are aiming to optimise the signal- 
to-noise ratio by optimising the phases 0o and do in the Michelson and local 
oscillator beams, respectively, the modulation depth dm in the local 
oscillator arm, and the optical splitting ratio a.
Shot noise is minimised when 0o = n in the denominator, corresponding to 
a dark fringe at the Michelson antisymmetric port. Putting this condition 
into (6.20) in turn demands that we select do= 0 in the numerator to 
maximise signal power. This implies that at the detectors, the local 
oscillator field is optically in quadrature with the resultant field from the 
Michelson. The signal-to-noise ratio varies with local oscillator phase like
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cos (j>o, when the Michelson phase is optimised. With the optimum optical 
phase settings throughout, equation (6.20) simplifies to:
4 Eine2 p a  (1-a) Ji2(0s/2) Ji2(dm) R [l + V]
S/N = __________________________________
eB [ 1 + e -a  + aR (l-V Jo(0s))/2 ] (6.21)
where R = (a+b)/2 is the mean power reflectivity of the Michelson 
interferometer mirrors and V = (a b) /2/R  is the fringe visibility of the 
Michelson interferometer.
Deviations from the ideal interferometer: Signal-to-Noise penalties
Practical interferometers will never operate exactly at the desired phase all 
of the time, due to experimental conditions (eg. vibrations and thermal 
drifts) resulting in an RMS phase error. The effects of phase error can be 
seen by plotting equation (6.20) as the DC Michelson phase 0o is varied 
around its optimum 0o = 0. In Fig. (6.2), the effect of different levels of laser 
intensity noise is demonstrated - the higher the intensity noise, the smaller 
the tolerable RMS phase deviation. For signal frequencies around the laser 
relaxation oscillation frequency (-400 kHz), our laser restricts us to curve e 
in Fig. (6.2), and hence requires an RMS phase error of less than 100 
pradians in order to achieve maximum signal-to-noise performance. 
Fortunately the relative intensity noise of our laser is strongly frequency 
dependant and falls off rapidly above and below the relaxation frequency. 
Curve c for instance, corresponds to a signal frequency of approximately 500 
kHz while at 2 MHz, where all quantitative tests were performed, the 
maximum RMS phase error that can be tolerated is in excess of 10 milli 
radians (curve b, Fig. (6.2)).
A trade off occurs between power tapped off into the local oscillator (which 
boosts the frequency shifted signal strength) and power lost from the 
Michelson (which reduces the original signal). The frequency shifted signal 
strength is proportional to a  (1-a), and is optimal when a  = 0.5. However, 
tapping off light into the local oscillator leads to extra shot noise at the 
detectors. In an ideal configuration, this is the only noise term, and the 
signal-to-noise ratio is actually optimum when a  —> 1. When unrelated
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noise is present, eg electronic noise, the optimum a falls somewhere 
between 0.5 and 1.
This trade-off between signal and local oscillator beam power is illustrated 
in Fig. (6.3A), which plots normalised signal to noise from equation (6.21) 
against the optical splitting ratio a, for different amounts of electronic noise 
e, assuming all other parameters are optimised. In the ideal case of no 
electronic noise, e = 0, curve (a), Fig (6.3A) appears to rise linearly and 
approach its optimum at a  = 1. In fact, the signal to noise drops sharply to 0 
in a very small range close to a  = 1, because there is a non-zero shot noise 
due to signal-related optical transmission in the Michelson. Fig. (6.3B) plots 
the optimum value of a  in an optically ideal interferometer (trace a) as a 
function of electronic noise as well as the associated signal-to-noise ratio 
(trace (b)). The greater the electronic noise, the more power must be tapped 
off into the local oscillator arm to optimise sensitivity, but the worse that 
optimum becomes. Therefore it is experimentally prudent to use 
electronically quiet detectors/amplifiers or increase the input laser power 
(both operations reduce e).
Figure 6.2: Normalised signal-to-noise power ratio verses dc Michelson phase 0O,
from equation (6.20), assuming the lo phase 4>0=0 and R = V = 1 (perfect optics) for 
various levels of laser relative intensity noise : (a) RIN = 0 (shot noise limited 
laser); (b) RIN = lxlO'14; (c) RIN = lxlO'12; (d): RIN = 0.5xl0‘10; (e) RIN = lxlO'9.
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Signal-to-N oise ratio fo r  small signals in the ideal lim it
In general, we are interested in detecting extremely weak signals. In the 
limit 0S « 1, we may use Bessel function small argum ent approximations: 
Jo(0s) —> 1 and Ji (0s/2 ) -» 0S /16. Substituting these approxim ations into 
equation (6.21) yields:
Eine2 p a  (1-a) es2 Ji2(<t>m) R [1 + V]
S /N  = __________________________________
4 eB [ 1+ e -  a  + a  R(l- V)/2 ] (6.22)
W hen the mirrors are both close to perfect, R and V approach 1. Equation 
(6.22) is useful for comparison to measured signal-to-noise, because each of 
the independent physical parameters can be determined experimentally.
The m odulation depth <j>m in the external arm is an independent variable 
and can be set to maximise Ji2(<J>m) when dm = 1-84 radians. In this case Ji2(bm) 
= 0.338. Larger modulation depths lead to more power being transferred to 
higher order sidebands, not utilised by the demodulation process.
Assuming an ideal interferom eter (ie., no electronic noise, e = 0, perfect 
Michelson interferometer fringes, R = 1, V = 1, and optimum modulation dm 
= 1.84 radians in the external arm), equation (6.22) simplifies to:
(S /N )ideal = 0.338 p Ei„c2 6S2 a  /  2 e B (6.23)
Here, it is apparent that to optimise the signal to noise ratio, we need to set 
a  as large as possible, ie. a  —» 1. In this ideal limit,
(S /N )ideal 0.676 [pEinc20s2 / 4 e B ] (6.24)
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Figure 6.3 A : Normalised signal-to-noise power ratio verses optical split ratio a, for
various levels of electronic noise e assuming perfect optics (R = V = 1): (a) e = 0; (b), e 
= 0.008; (c) e = 0.08; (d) e = 0.8.
Power Split Ratio a
Figure 6.3 B : Curve (a): Optimum optical power split ratio a  verses electronic noise 
assuming ideal optics (R = V = 1). Curve (b): The resulting signal-to-noise ratio 
when the optimum value of a  (given by curve (a)) is used, verses electronic noise e.
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Equation (6.24) is in agreement with previous literature62'66. The factor in 
the brackets is the signal-to-noise ratio limit which would be achieved if an 
ideal direct detection scheme had been used22 (see for example equation 
(4.13)). The penalty (1.7dB on the log scale) relative to direct detection can be 
interpreted as the effect of inefficiencies inherent in the simple signal 
recovery process modelled here (simple sinusoidal modulation and 
demodulation waveforms). In principle, it is possible to construct a more 
complex modulation scheme (involving higher harmonics) which can 
approach the direct detection limit, with 0.676 in equation (6.24) replaced by 
unity 21.
Note that equation (6.24) is very similar to the limiting signal-to-noise ratio 
for simple internal modulation (see equation (5.21) for comparison). The 
decision to use external modulation rather than internal modulation must 
therefore be based on technical considerations rather than inherent 
sensitivity limits.
6.2 Experimental Configuration
A schematic of our experimental external modulation arrangement, 
detailing the principal electronic and optical components, is shown in Fig. 
(6.4). This configuration closely matches that of the model analysed in the 
previous section.
Optical configuration
The light source is once again, a diode-pumped, monolithic Nd:YAG ring 
laser (LightWave 120) operating at 1064 nm. The output beam is directed 
through a Faraday isolator and then into a variable beam splitter consisting 
of a rotatable half wave plate and a polarising beam splitter. The vertically 
polarised output from the variable beam splitter traverses a lens and then 
enters the Michelson sensing interferometer.
A Pockels cell, PM 1 in one arm of the Michelson interferometer provides a 
small, calibrated, optical phase "signal", while a neutral density filter in the
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other arm provides optical amplitude compensation to obtain good fringe 
visibility at the Michelson output. By this technique, we are able to obtain a 
fringe contrast in the Michelson of around 600:1 (fringe visibility V = 
0.9967). The factor ultimately limiting contrast is wavefront distortion in 
the Pockels cell.
The local oscillator beam emerges with an orthogonal polarisation to that of 
the Michelson beam and so another half wave plate is used to rotate the 
polarisation state by 90°. The variable beam splitter ( k / 2  plate and 
polarising beam splitter) allows experimental adjustment of the power 
splitting ratio a  by rotation of the initial half wave plate.
Under normal operating conditions, the Michelson interferometer is locked 
so that the output port is tuned to a dark fringe. The optical power injected 
into the Michelson interferometer is then reflected back toward the laser. It 
proved necessary to misalign the Michelson reflected beam slightly to 
prevent it re-entering the laser, as the 30dB Faraday isolator alone was 
insufficient to prevent laser oscillations due to optical feedback. These were 
particularly observable when the Michelson phase modulation (signal) 
frequency corresponded to the relaxation oscillation frequency of the laser (~ 
300kHz to 500kHz).
The local oscillator beam traverses a mode matching lens, a resonant 
Pockels cell, PM 2 (New Focus model 4003, resonant at 75 MHz) and is then 
directed into the final beam combiner BS 2, via two steering mirrors. By 
adjusting the control voltage on the piezo actuator, the relative phase of the 
local oscillator field can be tuned with respect to the Michelson output. The 
Michelson output beam and the local oscillator beam are coherently 
combined at a 50:50 beam splitter, and the two outputs are focussed onto a 
balanced pair of detectors. The best obtained fringe contrast for this Mach- 
Zehnder interferometer (measured by combining the local oscillator beam 
with an equal intensity beam from just one arm of the Michelson 
interferometer) was around 150:1, limited by wavefront distortion in the 
resonant Pockels cell. This is more than adequate to ensure near optimal 
operation.
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Figure 6.4: Detailed schematic of the external modulation interferometer experiment.
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The Michelson end-mirrors in each arm are placed to ensure accurate 
matching of the two Gaussian beams at the output of the Michelson. It 
should be noted that matching the spot sizes and wavefront curvatures of 
two beams does not necessarily correspond to matching their absolute 
optical path lengths. Geometric factors in one arm of the interferometer, 
such as refraction in a high-index element (eg. a Pockels cell), can mean that 
it is necessary to shorten the other arm (rather than lengthen it as intuition 
might suggest) to correctly match the two Gaussian output beams. This 
unavoidably introduce an optical path length mismatch, comparable to the 
length of the Pockels cell.
The primary purpose of the lens in the local oscillator beam is to create a 
beam-waist inside the resonant Pockels cell, but this necessitates an identical 
lens in the Michelson input beam, placed so that both beams arriving at the 
final beam combiner experience the same optical evolution. It proves more 
effective to match the beam evolutions as closely as possible in the first 
instance than to correct for different beam paths subsequently with extra 
lenses.
Electronic configuration
The light is focussed onto a pair of balanced InGaAs detectors (broadband, 
ac-coupled photodetectors detailed in Appendix A). The output voltages are 
subtracted by a passive 180° signal combiner to coherently combine signals 
from both detectors, yielding a 3dB improvement in the attainable signal-to- 
noise ratio (since the shot noise from each detector is uncorrelated).
The output from the passive signal combiner is itself split at a passive signal 
splitter and one output is fed directly to a receiver (a HP8568B spectrum 
analyser) while the other is mixed down to recover the original signal 
spectrum using an RF mixer. The local oscillator for the mixer is derived 
from the external modulation signal source at 75 MHz, with an appropriate 
time delay to optimise the demodulation phase in section 6.1). 
Experimentally the signal-to-noise is independent of the mixer gain d, in
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accordance with equation (6.20). There is also a 3dB gain in signal-to-noise 
ratio at the mixer output (when the correct demodulation phase is chosen) 
because frequency convolution combines coherent signal sidebands and 
incoherent noise sidebands. The demodulated signal spectrum is fed to the 
receiver, and also acts as an error signal for locking the Michelson 
interferometer.
Electronic noise arising in the detectors and amplifiers is characterised by e, 
as defined in equation (6.17). This is determined experimentally by 
measuring the electronic noise directly at the mixer output and comparing 
it to the shot noise measured at the same point for a given optical power 
incident on the detectors. Since equation (6.17) normalises electronic noise 
to the maximum possible shot noise level (which would be observed if all 
the light was incident on the detectors), it is necessary to scale up the 
measured shot noise appropriately to account for this definition. In this 
manner we obtain values of e -  0.08 for an effective total optical power of 
9mW.
To reduce vibration-induced RMS phase excursions from the Michelson 
dark fringe (and hence to reduce the amount of optical transmission and 
associated technical noise from the laser), it is necessary to actively lock the 
Michelson interferometer to the dark fringe. Interferometric phase locking 
is achieved by integrating the error signal, and amplifying the result to drive 
a piezo-controlled mirror in one arm of the Michelson. The desired locking 
condition is complete nulling of the 75 MHz component in the subtracted 
photodetector output, which corresponds to a dark fringe in the Michelson 
interferometer* , but good 75 MHz cancellation is only achieved when the 
local oscillator optical phase is approximately correct. The local oscillator 
phase is set by manually tuning the piezo mirror in the local oscillator arm. 
When the feedback loop is active, locking follows automatically as soon as 
the local oscillator is within -45° of the correct phase; subsequent fine 
tuning of the local oscillator phase optimises the demodulated signal at the 
receiver.
* The 75MHz nulling condition is only equivalent to a Michelson dark fringe if perfect 
interference occurs at the final beam combiner. The presence of scattered light, or a ghost 
reflection of an AR coated surface at the final beam combiner will, in general, force the 
75MHz nulling condition slightly away from a dark fringe. This difference is irrelevant for a 
simple interferometer but becomes critical in a power recycling system. Chapter 7 will 
describe this effect in detail and present experimental results to demonstrate it.
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The response of the integrator, the following amplifiers and the piezo 
mirror mount combine to produce an open loop unity gain at around 5 
kHz. This is sufficient to counteract differential acoustic and vibrational 
noise in the interferometer so that laser technical noise appearing in the 
demodulated output spectrum is suppressed by more than 50 dB under 
normal operating conditions .
5.3 Experimental Results
Locking the interferometer
A direct comparison between passive (manual) nulling and active 
(feedback) locking is shown in Fig. (6.5), when observing a strong signal near 
2 MHz. For clarity, frequency-shifted signals measured at the mixer input 
(Fig. (6.5A), trace (a) obtained with manual nulling and Fig. (6.5A), trace (b) 
with active locking) are compared to demodulated signals obtained at the 
mixer output (Fig. (6.5B), trace (a) active locking and trace (b) manual 
nulling). These spectra highlight the origin of the demodulated laser 
intensity noise - it is present in the frequency-shifted photocurrent 
spectrum, and therefore cannot be post-filtered to reveal the signal spectrum 
after detection.
The unwanted intensity noise obtained with manual locking is orders of 
magnitude larger than shot noise, even when the interferometer is held as 
closely as possible to a dark fringe. Indeed, during the 10 seconds required to 
record each single spectral scan on the analyser, the observed technical noise 
varied by ± lOdB typically, due to small uncontrolled phase excursions from 
the dark fringe.
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Figure 6.5A: Curve (a) shows 2MHz signal sidebands and large 74.9MHz modulation 
component when manually locked, (b) shows 2MHz signal sidebands and residual 
74.9MHz modulation component when locked with 5kHz servo system, (c) shows the 
electronic noise floor of the pre mixer output. All spectra recorded with RBW = 
30kHz, vbw = 30Hz while the optical power on each detector is ~lmW
74.5 75.5
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Figure 6.5 B: Signal spectra appearing at the mixer output; (a) 2MHz signal and shot 
noise with 5kHz servo locking system turned on, (b) manual positioning of the dc 
interferometer phase showing the large low frequency noise due to RMS phase error, 
(c) m anual positioning w ith significant phase error dem onstrating am plifier 
saturation due to large 75MHz component, (d) electronic noise level at mixer output.
S -60-
Frequency in MHz
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Prominent on the manually locked spectra are the relaxation oscillation 
peaks of the Nd:YAG laser, 300kHz either side of the 75MHz carrier residual 
in the frequency shifted spectrum, Fig. (6.5A), trace (a), and near 300kHz in 
the demodulated spectrum Fig. (6.5B), trace (b). Large wings associated with 
the relaxation peaks extend to higher frequencies in both traces. Only active 
feedback compensation of the mechanical noise in the interferometer with a 
broad-band, high-gain control loop enables us to observe signals at the shot 
noise limit at low frequencies (down to around 100kHz, in practice, below 
which laser frequency noise dominates; see below for discussion).
Fig. (6.5) also shows another feature, mentioned in the previous section - a 
3dB improvement in the signal to noise ratio in the mixer output compared 
to that measured at the mixer input. In the actively-locked interferometer 
where technical noise is suppressed sufficiently to observe shot noise, the 
frequency-shifted signal sidebands at the mixer input are 14.6dB above shot 
noise in Fig. (6.5A), trace (b), while the demodulated signal is 17.7dB above 
the demodulated shot noise floor in Fig. (6.5B), trace (a).
Signal-to-noise measurements
To confirm the quantitative predictions of the analysis in section 6.2, we 
conducted a series of signal-to-noise measurements in the interferometer, 
for small phase modulation signals at ~ 2MHz, imposed on one beam of the 
Michelson interferometer. In each one of these tests, we measured the 
following independent system parameters for substitution into the signal- 
to-noise equation (5.22), to derive the expected signal-to-noise ratio for each 
measurement:
• Photocurrents in both detectors due to the Michelson bright and dark 
fringes and the local oscillator beam separately; From these are derived the 
effective total input, Einc2, the experimental optical splitting ratio a  and the 
Michelson fringe visibility V (For convenience, R is set to unity in equation 
(6.22), with Michelson transmission losses subsumed into the effective total 
input.).
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• Electronic noise, and shot noise m easured at the Michelson bright 
fringe, from which we derive the electronic noise parameter e.
• Driving voltages in both calibrated Pockels cells, from which the 
signal phase 0S and the external phase modulation depth <j)m are calculated.
In all cases, the resolution bandw idth B of the receiver was set to 10 kHz. 
The signal-to-noise ratio was measured directly at the receiver w hen the 
system was locked to a dark fringe and local oscillator phase was optimised. 
In most cases of interest, we obtained excellent agreement to the theoretical 
predictions of equation (6.22).
Sensitivity tests - measurements of small signals
Fig. (6.6) shows a typical signal-to-noise spectrum obtained for a small signal 
equivalent to the sensitivity  of the instrum ent. By definition, the  
sensitivity is the phase modulation required to produce a demodulated 
signal equal in magnitude to the total demodulated noise, ie. S /N  = 1 in 
equation (6.22), or 3 dB ((S+N)/N  = 2) on the spectrum analyser. From 
equation  (6.22), the predicted  sensitivity for the non-ideal external 
m odulation scheme is :
0sen —
4 e (1+ e - o  + a R ( l -  V)/2) P / 2
Eine2 p (1 + V) R J,2(0m) a  (1-a) (6.25)
Here, the norm alised sensitivity (radians/VHz) is quoted by dividing the 
absolute sensitivity by the resolution bandw idth B. From equation (6.25), 
the maximum normalised sensitivity for an external m odulation system is:
eshol = 0.6764 / 2 O e / E i n ^ p ] 1^  (6.26)
This is 21.6% worse than the maximum sensitivity for a direct detection 
system.
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Figure 6.6: (a) a small signal plus shot noise at the mixer output, demonstrating the 
sensitivity ((S+N )/N  = 3dB) limit of the interferom eter under the following 
conditions: RBW = 10kHz, VBW = 3Hz, detected optical power = 0.95 mW on each 
detector, effective input power = 8.9 mW, signal strength = 2.8 pradians, modulation 
depth of external beam = 0.68 radians, (b) the electronic noise floor.
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Figure 6.7: Experimentally achieved sensitivity (data points marked as crosses) 
verses external modulation depth for a 2MHz signal. For comparison the predicted 
theoretical sensitivity (solid line) is also plotted. The left hand scale gives the 
phase sensitivity in radians/^Hz while the right hand scale gives absolute 
displacement sensitivity in metres/VHz.
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Trace a in Fig. (6.6) shows a signal (2.8 prad, (S+N)/N ~ 2, or 3dB) near 
2MHz at the mixer output. The external modulation depth dm was 0.68 
radians (well short of the optimum 1.84 radians); the effective input optical 
power was 9 mW and the detector efficiency p = 0.77 amps/watt. In this 
case, 80% of the power was transmitted to the Michelson, ie. a  = 0.8 (close to 
the required optimum of 0.83). The fringe visibility of the Michelson V was 
0.995. The lower trace of Fig. (6.6) shows the noise obtained when all light 
was blocked, ie. electronic noise alone, yielding e = 0.08. For these measured 
parameters, the predicted signal-to-noise was 2.9 dB. This represents a phase 
sensitivity of 2.8 x 10'8 rad/VHz, equivalent to a displacement sensitivity of 
2.4 x 10"15 metres/VHz at a wavelength of 1064nm.
Fig. (6.7) plots the predicted sensitivity, using equation (6.25), along with 
measured sensitivity from a series of trials in which the measured signal-to- 
noise was set to 3dB, as the external modulation depth 0m is varied. Clearly, 
the sensitivity improves as modulation depth 0m is increased. As the 
external modulation depth increases from 0.11 to 1.18 radians (0-peak), the 
displacement sensitivity improves by a factor of ~ 8, from 1.4 x 10-14 m/VHz 
to 1.7 x 10"15 m/VHz. Theory predicts that the sensitivity should increase by 
a factor ~ 9 due to this increased modulation, experimental error in our low 
RF power measurements accounts for the discrepancy.
The best measured displacement sensitivity of 1.7 ± 0.2 x 10-15 m/VFIz 
represents a phase sensitivity of 2.0 ± 0.3 x 10-8 radians/VHz. According to 
equation (6.25), the predicted sensitivity for our external modulation system 
is 1.69 x 10-8 radians/VHz when (j)m = 1.18 radians and e = 0.08 and a  = 0.8. 
The best limiting performance, obtained from equation (6.26) (assuming 
= 1.84 radians, e = 0, a  = 1 and R = V = 1), is however 1.2 x 10'8 radians/VHz 
or 0.6 times smaller than that actually achieved.
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Measurements with large signals
A related test to illustrate the signal-to-noise calculations in section 6.1 is to 
apply a constant signal to the Michelson interferometer and measure the 
signal-to-noise ratio for different values of the external phase modulation 
depth. For this purpose, large signals are expected to yield the most accurate 
results, since noise should have less effect on the absolute signal peak 
readings. Fig. (6.8) shows a spectrum analyser trace for a signal of 2 x 10'4 
radians (0-peak), all other parameters being identical to those used to obtain 
Fig. (6.6). Here the measured signal-to-noise is 36.7 dB, compared to a 
predicted value of 37.0 dB from equation (6.22).
Fig. (6.9) plots the signal-to-noise ratio obtained in a series of measurements 
using a constant signal strength of 2 x 10"4 radians (0-peak), and again we are 
varying the external phase modulation depth <J)m. The good agreement 
between the predicted signal-to-noise (given by equation (6.22)) and the 
experimental data is clear.
Low frequency limits to shot-noise-limited sensitivity
The purpose of the external modulation technique is to eliminate laser 
intensity noise from the signal spectrum. The efficiency of the scheme 
relies on the ability of the servo loop to minimise the RMS phase deviation 
from the dark fringe - the smaller the RMS deviations, the greater the 
suppression of intensity noise. Because intensity noise is greatest at low 
frequencies, the use of better servo loops enables us to view shot noise 
limited signal spectra at lower frequencies.
In our experiment, intensity noise was suppressed by more than 50dB, but 
despite this, we were not able to view shot noise in our demodulated signal 
spectrum below ~ 100kHz. Between DC and ~ 100kHz, a number of 
anomalous noise peaks remained, of variable strength, typically 10 to 20dB 
greater than shot noise in the demodulated signal spectrum, apparently 
harmonically related and with a fundamental frequency of around 30kHz.
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Figure 6.8: Trace (a) shows a large 2MHz signal plus shot noise at the mixer output 
under the following conditions: RBW = 10kHz, VBW = 3Hz, detected optical power = 
0.95 mW on each detector, effective input power = 8.9 mW, signal strength = 200 
jiradians, modulation depth of external beam = 0.68 radians. Trace (b) shows the 
electronic noise floor under the same conditions used in trace (a)
Frequency in MHz
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Figure 6.9: The experimentally achieved signal-to-noise ratio plotted as a function of 
the external modulation depth (data points are plotted as crosses). For comparison, 
the predicted signal-to-noise (solid curve) is also plotted.
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Figure 6.10 A: Trace (a) shows the spectrum of low frequency signal sidebands at 
200kHz, the residual 74.9MHz modulation component and low frequency technical 
noise at the mixer input. Trace (b) shows the same as in a with a small DC offset from 
the optimum interferometer phase. Trace (c) shows the electronic noise floor at the 
mixer input (also demonstrating the mixer feed through occurring at 74.9MHz).
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Figure 6.10 B: Trace (a) shows the spectrum of a low frequency signal at 200kHz and 
technical noise at the mixer output. Trace (b) shows the same as in (a) with a small 
DC interferometer phase offset. Trace (c) shows the electronic noise floor at the 
mixer output.
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Fig. (6.10A) shows the anomalous noise in the frequency-shifted signal 
spectrum near 75MHz, along with the deliberate signal peaks located 200kHz 
either side of the residual carrier. Unlike the laser intensity noise, the 
magnitude of these extra noise peaks did not depend on the detuning from 
the Michelson dark fringe (compare the noise features either side of the 
75MHz carrier in traces (a) and (b)). Fig. (6.10B) shows the same structure in 
the demodulated signal spectrum.
The origin of these unwanted noise peaks is frequency fluctuations in the 
laser, combining with optical path length difference in the two Michelson 
interferometer arms to simulate another "signal". Such a signal would 
disappear if the path lengths were perfectly matched, but in our experiment, 
the two-way path mismatch is around 60mm, due to the need to match 
Gaussian modes at the beam combiner when one beam passes through a 
Pockels cell. From rough calculations, the observed peaks are consistent 
with a phase noise spectral density of around 3 mrad/VHz at ~ 30kHz (or 
approximately 100Hz/VfIz frequency noise at -  30kHz). This could arise, for 
example, due to an acoustic resonance causing the laser cavity round-trip 
path to fluctuate. The frequency noise tests of our laser, using a reference 
cavity and Pound-Drever locking confirm that frequency noise of around 
100 Hz/VHz at ~ 30kHz does exist on the laser (see Fig. (3.17) for details) 
however the exact origin of this noise is not certain.
6.4 Conclusion to chapter six.
External modulation interferometry has been shown to have an optimum 
sensitivity of 1.2 times larger than that of direct detection when using 
simple sine wave modulation and demodulation functions. While this 
sensitivity is similar to internal modulation (factor of V (3/2) times larger 
than direct detection) external modulation interferometry has the 
advantage that the Michelson arms are free of modulators and so greater 
fringe visibility and lower loss can be achieved.
Our Michelson interferometer had a high contrast ratio (~ 600:1 in some 
instances) while the equivalent ratio in the Mach Zehnder is ~ 100:1 when 
optimised. We found when using an input optical power of around 9mW, 
that electronic noise arising in our detectors and amplifiers is the dominant
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noise component dictating the optimal power splitting fraction and the 
ultimate sensitivity. In our measurements, electronic noise was greater by 
a factor of ~ 60 than the shot noise associated directly with the dark fringe 
transmission from the Michelson. This indicates that the Michelson could 
have a fringe contrast as poor as 10:1, or the laser power could be as high as 
500 mW, before the dark fringe shot noise figures as prominently as 
electronic noise.
The main feature dictating our suppression of laser technical noise was our 
ability to lock the Michelson interferometer to its dark fringe and reduce the 
residual RMS phase deviations. By means of an integrating servo loop with 
a 5 kHz response bandwidth, we were able to suppress acoustic vibrations in 
the Michelson interferometer sufficiently to eliminate laser intensity noise 
(including the strong relaxation oscillation peaks) and thus enable shot- 
noise-limited sensitivity down to ~ 100kHz, where laser frequency 
fluctuations remained the dominant noise contribution. These frequency 
fluctuations couple into the signal intensity spectrum due to the optical 
path length mismatch inside the Michelson interferometer.
When optimised, our external modulation interferometer achieved a phase 
sensitivity of 2.0 ± 0.3 x 10-8 radians/VHz. This is in excellent agreement 
with the theory derived in this chapter. It should be noted however, that 
the sensitivity could be further improved if greater modulation depth were 
used; our modulator limited us to ~ 1.2 radians, short of the optimum 
value of 1.84 radians. This resulted in a reduction of ~ 15% sensitivity 
compared to the optimum value.
CHAPTER 7
Power Recycling with External Phase
Modulation
Due to the high fringe visibility and low loss of external modulation 
interferometers, power recycling23 provides an effective means of increasing 
the shot noise limited sensitivity.
In this chapter, we investigate the performance and operational 
requirements of an external modulation interferometer, in which the 
symmetric output is reflected back into the interferometer forming a 
resonant cavity with a split end mirror.
In Section 7.1 we analyse the effects of a power recycling mirror and 
generalise the signal-to-noise expressions of chapter 6 to include these 
effects. We find that the ultimate achievable signal-to-noise ratio is 
identical to simple external modulation except that the expression is now 
proportional to Grec, the power gain factor.
Section 7.2 describes our optical and electronic configuration, including the 
locking technique used and its noise properties. We demonstrate the noise 
performance of this system and conclude that the optical "ghost spot" from 
the AR coated side of the main beam splitter introduces unacceptable 
amounts of technical noise in the low frequency signal spectrum.
Section 7.3 describes our power recycling experiment and compares our 
results with both the theory of section 7.1 and the simple external 
modulation results. We find good agreement between the increase in signal 
power and the circulating power build up inside the interferometer.
The chapter concludes with a brief discussion of the benefits of recycling and 
the potential noise problems that must be overcome. We also discuss the 
locking requirements of this system compared to simple external 
modulation interferometry.
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7.0 Perspective
A number of successful power recycling experiments have been performed 
by various researchers such as Maischberger et al67, Man et al62, Strain63, 
Fritschel12 and Regehr68.
Man et al62 achieve a power gain of ~ 28 for power recycling with a simple 
Michelson configuration. The agreement between predicted sensitivity and 
experimentally achieved sensitivity was within a factor of 2 (due to 
discrepancies in both the noise floor and signal size).
Fritschel12 performs power recycling both with and without Fabry-Perot 
cavity arms. For the simple Michelson case he achieves a power build up of 
~ 20 and corresponding signal build up, however a discrepancy of ~ 1.9 exists 
between the predicted shot noise limited sensitivity and that experimentally 
achieved. For the Fabry-Perot arm configuration he records a power build 
up of ~ 18 (after correcting for mode mismatch) while the noise floor is 
dominated by technical noise.
S tra in 63 records a power build up of ~ 35 for a simple Michelson 
configuration. He achieves reasonable agreement between signal gain and 
power build up. For this experiment, a signal frequency of 6kHz was used, 
however due to mechanical noise, shot noise limited sensitivity was not 
achieved at this frequency.
Regehr68 performs a power recycling experiment however his emphasis is 
on control of the complex interferometer structure rather than the predicted 
and achievable sensitivity.
Our experiment achieves a power build up of ~ 36 with a corresponding 
improvement in sensitivity of ~ 6. Once again technical noise limited 
performance at low frequencies. This experiment has two main aims: to 
provide a means of testing the theory developed in chapters 6 and 7, and to 
perform an initial recycling experiment with a long term goal (beyond the 
scope of this thesis) of achieving dual recycling.
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7.1 A simple theory to describe power recycling
As discussed in section 2.3, a Fabry-Perot interferometer can provide strong 
resonant behaviour. The circulating power, relative to the incident power 
is given by:
Pcirc /  Pine = (1-Ri) /  {1 + Ri Ri - 2 V(Rj Ri) cos(2coL/c)} (2.13)
The analysis of section 2.3 assumed that all mirrors were loss free. The 
effect of losses can be included by replacing (1-Ri) with the mirror 
transmissivity Ti*. On resonance, equation (2.13) then gives:
Pcirc /  Pine ~ Grec
= Ti /{I + Ri R2 - 2 V(Ri R2) )
= Ti /{1-V(R i R2) )2
= Ti /  {1 - V((l-yi-Ti) (1-75)) }2 (7.01)
where yi and 72 are the power losses of mirrors 1 and 2 respectively. 
Following an analysis similar to Fritschel et al24, equation (7.01) can be 
optimised with respect to Ti to give
Tlmax = (l-Yl)(l-R2(l-Yl)) (7.02)
Equation (7.02) can then be substituted into equation (7.01) to give the 
maximum power build up inside the interferometer.
Grec max = 1 / (Y2 + Yl / (l~Yl))
-1/Cfc + Yl) ( 7.03)
that is, the maximum power gain that can be achieved in a simple Fabry- 
Perot interferometer is the reciprocal of the losses.
* In a lossless mirror (1-Ri) = T\ however, in general (1-Ri) = Ti + y\, where yi is the power 
loss on transmission through the mirror. In equation (2.13) we require the fraction of power 
transmitted through mirror 1 and so T\ is the appropriate choice to replace (1-Ri).
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Figure 7.1: The equivalence of a power recycling Michelson interferometer and a 
simple Fabry-Perot interferometer with an equivalent split mirror when mirrors a 
and b are positioned so that constructive interference occurs at the symmetric output 
port.
a
Laser
Chapter 6 showed that the optim um  operating condition for an external 
m odulation interferometer is when the Michelson interferometer is set to a 
dark fringe at the antisymmetric output port. Under this condition the 
input laser sees two reflected beams that are ideally mode matched and 
interfere constructively at the symmetric output port. The M ichelson 
interferometer then forms a split mirror. A power recycling mirror, placed 
betw een the laser and the m ain beam splitter, can be used to form a 
resonant cavity where the circulating power can be enhanced by a factor of 
Grec on resonance.
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Signal side bands generated inside the power recycling interferometer 
traverse the Michelson interferometer once before being ejected at the main 
beam splitter. The frequency response of the interferometer is therefore 
identical to the simple Michelson interferometer and only limited by the 
optical transit time through the Michelson interferometer arms27.
Using the same formalism as chapter 6, the reflectivity of the split mirror 
can be represented as R2 = R = (a + b)/2, the mean reflectivity of the two end 
mirrors when acting as a single split mirror (including the interference 
efficiency of the two combined beams as well as losses at the main beam 
splitter). The power recycling gain Grec is then
Grec= Ti /  {1 - V(R! R) }2 (7.04)
where Ri and Ti are the power reflectivity and transmissivity respectively 
of the power recycling mirror. Equation (6.22) can now be generalised to 
include the effects of power recycling to give
Grec P Eine CX ( l-^) Qs Jl (0m) + V]
S /N  = ------------------------------------------------------
4 eB [ 1+ e -  a  + Grec a  R(l- V )/2 ]
Ti p Ejnc2 a  (1-a) 0S2 Ji2(0m) R[l + V]
4 e B [ l + e - a  + Ti(l-V(R1 R)}-2 o R ( l - V ) /2 ]  {1 -V(Ri R) }2
(7.05)
where e, a , R and V are defined for the simple external modulation 
interferometer without power recycling*.
* The optimum value of a  for a power recycling interferometer, can be determined from Fig. 
(6.3B) as for simple external modulation interferometry unless the dark fringe shot noise is 
significant ((1-V) Grec/2  is of order unity).
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Figure 7.2: Schematic plan of a generic external modulation interferometer with 
power recycling.
♦Electronic Noise
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In principle Grec can be made arbitrarily large by using loss free optics. 
Therefore there is no meaningful limiting performance for a power 
recycling interferometer. However the efficiency of a practical power 
recycling, external modulation interferometer can still be gauged by a 
comparison of the achieved sensitivity with
e shot = 0.676_1/2 ^ e /p E ^ G r e c ] 1^  (7.06)
where Grec is the experimentally achieved power build up factor. That is, by 
a comparison with the limiting sensitivity of an external modulation 
interferometer with effective input power Einc 2 Grec*
7.2 Optical and Electronic Configuration
The experimental arrangement used for power recycling is shown in Fig. 
(7.3). An invar frame was used to hold all optical components. This 
provided excellent rigidity and temperature stability. Initially the 
experiment was performed as a simple Michelson interferometer with 
external phase modulation. The results of this experiment were then used 
as a comparison for the power recycling experiment.
Initially, the power recycling mirror M3 was absent and the input phase 
modulator PM1 was unused. The Michelson interferometer was locked to a 
dark fringe using a 51kHz dither introduced on mirror Ml, photodetector 
PD3, and a lock-in amp to recover the baseband error signal. A PID servo 
amplifier conditioned the error signal and a HV amplifier positioned the 
Michelson mirror M2. The PID system, when optimised for maximum loop 
stability and noise suppression, had an integrator with a corner frequency of 
1kHz, a proportional stage, and a differentiator with a corner frequency of 
3kHz. Due to the inherent stability of the invar frame, this servo would 
hold the interferometer at a dark fringe for several hours at a time (PZT and 
HV amplifier were capable of moving mirror M2 over 6 pm travel). The 
phase of the local oscillator was manually adjusted using a HV amplifier 
and PZT mirror M4. This provided sufficient stability to perform long term 
video averaging on the spectrum analyser, without difficulty.
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Figure 7.3: Detailed schematic of the power recycling experiment.
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The Michelson interferometer had a fringe contrast of approximately 600:1 
after typical alignment although, occasionally a contrast of better than 800:1 
was achieved. The fringe contrast usually took several hours to degrade 
noticeably (to the point where realignment would improve the contrast 
significantly). The Mach-Zehnder interferometer, formed by the Michelson 
antisymmetric output and the local oscillator achieved a fringe contrast of 
approximately 40:1. Power in the two beams being combined at BS4 were 
quite different and so the maximum fringe contrast that could have been 
achieved with ideal interference was 125:1.
The effective input optical power# for the Michelson interferometer was 
5mW while the local oscillator effective optical power was 3.5mW 
(available at BS4).
Dark Fringe Locking
The locking system described above forces the antisymmetric output of the 
Michelson interferometer to operate on a dark fringe. Unlike the system 
used to lock the external modulation system in chapter 6, this does not 
automatically null the RF modulation component of the photocurrent at 
detectors PD4 and PD5.
Fig. (7.4) shows a vector diagram of the electric fields present at both signal 
detectors for a simple external modulation interferometer when operating 
at the optimum optical phase conditions. The resultant E field leaving the 
antisymmetric port of the Michelson interferometer "s" is added to the local 
oscillator E field (rotating at com) and produces an asymmetric total field 
vector (vectors "1" to "7" in Fig. (7.4)). The photodetectors respond to the 
intensity of the total field and hence produce a photocurrent component at 
com. For small angles of 0 the photocurrent at com is linearly proportional to 
0 .
If any scattered light, or stray beams (from AR coated surfaces for instance) 
are present at the Michelson antisymmetric output and they produce an
# The effective input power is defined as the total optical power available at a bright fringe 
at the antisymetric output port and therefore includes the effects of all mirror and beam 
splitter losses.
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electric field parallel to "s", the resultant Michelson interferometer electric 
field, they will produce extraneous DC signals.
In the optical arrangement of Fig (7.3) the AR surface of the central 
Michelson beam splitter produced a weak reflection at the antisymmetric 
output. Weak off axis interference fringes were evidence that the main 
output did indeed interfere with a stray beam.
As residual AR surfaces typically reflect a component of order 0.01 to 0.001 of 
the main beam, the resulting beam is many orders of magnitude greater 
than signal sidebands at the shot noise limit. Hence there is a significant com 
component in the photocurrent (typically 70dB or more above shot noise for 
this experiment). The large com component is a Fourier copy of the laser 
intensity spectrum and so couples noise sidebands into the signal spectrum.
In the pervious chapter this noise effect was avoided by servoing the 
modulation component at com directly and forcing it to zero (within the gain 
limits of the servo system). This resulted in the Michelson interferometer 
phase shifting away from a dark fringe to produce a resultant to counteract 
the effects of any stray light. While this offset had a negligible effect on the 
signal power extracted, it represents another source of loss from the 
Michelson interferometer and so is best avoided when implementing 
power recycling.
The experimental effects of scattered light interference can be seen in Fig. 
(7.5). When the LO phase is set for optimum signal response, broadband 
technical noise ( ~ lOdB above shot noise in Fig. (6.5), trace a) is coupled into 
the baseband signal spectrum. By rotating the local oscillator phase away 
from the optimum we are able to ensure that the residual stray beam is in 
phase with the local oscillator and hence produces no RF modulation 
component ( see trace (b), Fig. (7.5)). The LO phase offset caused a ~ 1.5dB 
reduction in signal power in this case.
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The stray beam noise evident in Fig. (7.5) is clearly unacceptable as it 
severely degrades the achievable signal-to-noise ratio in a frequency band 
from DC to several hundred kilohertz. Several attem pts were made to 
spatially filter out the stray beam before detection. However it proved 
impossible to remove the stray beam interference effects w ithout severely 
attenuating the main signal beam. This strongly suggests that a different 
beam splitter geometry is requ ired4 so that the stray beam can be easily 
separated from the antisymmetric output.
Note that the phase of the scattered light (relative to the "s" vector in Fig. 
(7.4)) was not constant and hence the effect it had on introduced technical 
noise varied. Typically the phase changed w ith a time constant of ~ 30 
m inutes, suggesting that the phase varia tion  was due to therm al 
expansion/contraction of the plate beam splitter.
Figure 7.4: Vector diagram of the electric field at the detectors of an external 
modulation interferometer. Arms "a" and "b" are the electric fields in the Michelson 
interferometer and "s" is the resultant field leaving the Michelson antisymmetric 
port when a signal 0 is present. The vectors 1 to 7 are the total resulting field (at 
different phases) when "s" is added to a rotating local oscillator field.
phase "signal" 0
arm b
locus of
local
oscillator
E field
vector
4 The author believes that the AR spot was scattered into the main output port due to the 
design of the beam splitter holder rather than the beam splitter itself. The beam splitter 
geometry itself should provide for more than 5mm separation between the AR spot and the 
main output beam.
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Figure 7.5: The effect of stray beam interference at the final beam combiner, (a) Local 
oscillator phase set for maximum signal, (b) Local oscillator phase set for minimum 
noise floor (note trace (b) is 1.5dB below trace (a) at the 51 kHz signal peak), (c) shot 
noise level, (d) electronic noise floor.
0 10 20 30 40 50 60 70 80 90 100
Frequency in kHz
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Pow er recycling interferom eter locking system
In order to operate power recycling it is necessary to keep the recycling cavity 
on resonance as well as the Michelson antisymmetric port locked to a dark 
fringe. The resonance condition of the power cavity is sensed using a 
Pound-Drever locking system. Phase modulator PM1 places PM sidebands 
on the light incident on the cavity. As discussed in section 2.6, the reflected 
optical carrier is phase shifted relative to the PM sidebands when off 
resonance. The carrier and sidebands then beat at detector PD1 to produce 
an error signal at the modulation frequency (4MHz in our experiment). The 
baseband error signal is recovered by mixing with the 4MHz modulation 
signal. A PID amplifier conditions the error signal before a HV amplifier is 
used to position the power recycling mirror M3.
Lock was acquired by firstly turning on the 51kHz dither and the lock-in 
amplifier system so that the Michelson was driven towards a dark fringe at 
the antisymmetric output port. It was necessary to use a very low gain on 
this loop in order to maintain stability once the recycling cavity comes into 
resonance. The effective gain of this loop increases by a factor of 
approximately 700 when the recycling cavity comes into resonance. The 
recycling mirror is then manually tuned onto a resonance and the Pound- 
Drever locking PID turned on. After both locking systems are operating 
correctly it is then possible to simultaneously increase electronic gain on 
both systems. The local oscillator phase is, once again, positioned manually 
for maximum signal strength.
The combined locking system was adequate for the signal-to-noise 
measurements required for this thesis. However the locking system did 
show large noise features at acoustic frequencies resulting in far greater 
RMS phase error than was present in the simple external modulation 
system. The long term stability of the combined locking system was also far 
worse than the simple external modulation system. Typically the combined 
interferometer would stay locked for approximately 10 to 15 minutes. These 
short comings in the locking system were not considered further due to a 
lack of time.
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7.3 Experimental Results of Power Recycling
Power Build up in a simple cavity
In order to accurately characterise the power recycling mirror and optimise 
the Pound-Drever control system, it was necessary to operate the recycling 
interferometer system as a simple Fabry-Perot interferometer. This was 
performed by removing the Michelson beam splitter BS2 and realigning 
mirrors M2 and M3.
Both Fabry-Perot mirrors were standard commercial quality mirrors 
manufactured by CVI corporation. M2 was "maximum reflectance" and 
specified at greater than 99.5% while M3 was a "95%" mirror. Transmission 
and reflectance tests in our laboratory found mirror M3 to have T3 =0.03 
±0.01 and R3 = 0.96 ± 0.02.
Power build up, in the simple Fabry-Perot interferometer was determined by 
measuring the power transmitted through the end mirror M2. The ratio of 
this value before M3 was placed in the system with that when the Fabry- 
Perot interferometer is on resonance gives Grec* The optimum 
experimental value of Grec was = 81 ± 4. Using equation (7.01), it is found 
that Grec ~ 81 is consistent with R2 = 0.999, R3 = 0.96 and T3 = 0.03 (the 
nominal values assumed hereafter).
Power Build up in a recycling Michelson interferometer
With the Michelson interferometer locked to a dark fringe at the 
antisymmetric output and the recycling cavity held on resonance, the power 
build up was measured at Grec ~ 36 ± 3. Using equation (7.01) and the 
nominal values R3 = 0.96 and T3 = 0.03 for mirror M3, gives an effective 
split mirror reflectance of Rgpiit = 0.98. Note that for Rsput = 0.98 the absolute 
maximum power gain possible with the optimum, lossless recycling mirror 
is Grec = 50. Hence equation (7.05) predicts a drop in signal-to-noise ratio of 
1.5dB (10 Log(35.5/50) = 1.5dB) due to sub optimal recycling mirror 
parameters.
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The effective input powerv for the simple Michelson interferometer was 5 
mW. Power recycling therefore increases this to Grec x P op ticai * 36 x 5mW = 
180 mW.
Using the effective split mirror power reflectivity of R=0.98 and the 
nominal values of R3 = 0.96 and T3 = 0.03 in equation (2.12) gives the 
predicted power reflection of close to zero (impedance matched). 
Experimentally, the reflected power as a fraction of incident power was 
measured at 0.21. The discrepancy is believed to be due to a mode mismatch 
between the interferometer and the laser input beam. The locking system 
could not reliably hold the split mirror on a dark fringe at the 
antisymmetric output while the recycling mirror was scanned. It was 
therefore not possible to test this hypothesis by viewing higher order modes 
as the recycling mirror was scanned through a full FSR of the 
interferometer.
Signal-to-noise measurements with power recycling
Figure (7.6) shows the resulting baseband signal spectra for both the simple 
Michelson-external modulation interferometer (trace b) and the power 
recycling Michelson-external modulation interferometer (trace a). Trace b 
was recorded with a 51kHz signal of 370 pradians while trace a was recorded 
with a 230 pradian signal (it was necessary to reduce the total loop gain for 
the recycling interferometer in order to maintain stability. This was 
partially achieved by reducing the size of the 51kHz dither signal). The 
available optical power into the total interferometer was 8.5mW, the 
electronic noise level e = 0.08, a  = 0.59, the measurement bandwidth was 
10kHz and the local oscillator modulation depth was 1.1 radians for both 
traces a and b. The signal-to-noise ratio for the simple Michelson (trace (b), 
Fig. (7.6)) is approximately 41dB, relative to the true shot noise level (taking 
into account the systematic analyser errors described in section 2.7). 
Equation (7.05), with Grec set to 1, predicts a signal-to-noise ratio of 41.7dB, in 
close agreement with the experimental data.
v The effective input power for signal-to-noise calculations in a simple Michelson 
interferometer is based on the maximum optical power available at the point where the 
signal is detected (PD4 and PD5 in Fig. (7.3)). The actual input power to the Michelson is 
approximatly 10 mW but due to beam splitter BS3, the effective input power is 5 mW.
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For the power recycling interferometer, signal power increased by 
approximately 11.5dB (trace (a), Fig. (7.6)). Unfortunately, the technical 
noise in the signal spectrum also increased at low frequencies to ~ lOdB 
above the shot noise level. Equation (7.05) predicts a signal-to-shot noise 
ratio of 53.3dB, with Grec = 36. A signal power gain of 11.6dB, in good 
agreement with the 11.5dB experimental value. The signal-to shot noise 
ratio (obtained from the signal power of trace (a) and the noise level of trace 
(b)) was 53dB.
The simple external modulation interferometer phase sensitivity can be 
determined from the achieved signal-to-noise ratio of 41dB for a signal of 0S 
= 370 pradians and a measurement bandwidth of 10kHz to be 33 ± 4 x 10'9 
radians/VHz. The phase sensitivity of the recycling interferometer, based on 
the achieved signal-to-shot noise ratio of 53dB for a signal of 0S = 230 
pradians and a measurement bandwidth of 10kHz is 5.3 ± 0.6 x 10-9 
radians/VHz. Hence the power recycling improves the shot noise limited 
sensitivity of the interferometer by a factor of ~ 6 for a power gain of 36 .
Using the power build up Grec of 36 and input optical power of 8.5mW*, 
equation (7.06) predicts an optimum phase sensitivity of 2 x 10-9 
radians/VHz. The effects of electronic noise, sub optimal modulation depth 
(1.1 radians verses 1.84 radians), sub optimal power split ratio a  (0.59 verses 
0.8) and finite fringe contrast therefore reduced the shot noise limited 
sensitivity by 8.5dB (20 Log(5.3/2) = 8.5dB).
The actual sensitivity achieved for the power recycling interferometer is a 
strong function of frequency around 51kHz and only becomes shot noise 
limited for signal frequencies greater than ~ 700kHz.
* 5mW in the main interferometer and 3.5mW in the local oscillator giving a total available 
power of 8.5mW.
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Figure 7.6: A comparison of an external modulation system with and without power 
recycling, (a) Signal spectrum with power recycling giving an effective Michelson 
interferometer input power of 178mW. (b) Signal spectrum of a simple external 
modulation interferometer with a Michelson interferometer input power of 5mW. 
Note trace (b) is coincident with the shot noise floor for all frequencies above ~ 
80kHz. (c) electronic noise level for both traces (a) and (b).
30 400 50C
Frequency in kHz
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Another feature evident in Fig. (7.6) is the effect of power recycling on 
demodulated technical noise. Trace (b), the simple Michelson system, is 
identical to the shot noise level down to frequencies around 50kHz. Trace 
(a) however, shows considerable laser technical noise at, and around the 
relaxation oscillation frequency of 480kHz. Equation (7.06) indicates that 
interferometer sensitivity is proportional to VGrec- As the circulating power 
increases, due to recycling, the sensitivity of the interferometer improves 
and the presence of other technical noise sources become evident.
In Fig. (7.6), trace (a), the laser noise is coupled into the signal spectrum via 
two mechanisms:
• The scattered light effect demonstrated in Fig. (7.5).
• The RMS phase error in the Michelson locking system.
Both noise mechanisms become increasingly significant as the total 
circulating power in the Michelson interferometer increases.
The problem of scattered light must be overcome by using suitable baffles as 
well as designing the main beam splitter so that the AR spot is easily 
separated from the main output spot.
The requirements on RMS phase error in the Michelson interferometer 
locking servo become more stringent as the circulating power increases and 
as the signal frequency range is extended downwards (where there is more 
laser technical noise).
7.4 Conclusion to chapter seven
The analysis of this chapter has shown that power recycling gives an 
increase in signal power of Grec (the recycling power gain), leading to an 
increase in sensitivity proportional to VGrec- This gain in sensitivity can 
only be accomplished if shot noise limited performance can be maintained 
for the increased circulating power.
For our experiment, the achieved recycling power gain was Grec = 36 ± 3, 
while the shot noise limited sensitivity improved by a factor of ~ 6 to a 
value of 5.3 ± 0.6 x 10'9 radians/VHz. In fact we were unable to maintain 
shot noise limited operation at the signal frequency when power recycling 
was operational.
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Two significant sources of noise were shown to prevent shot noise limited 
operation at signal frequencies below ~ 700 kHz:
• Scattered light from the AR coated surface of the Michelson beam 
splitter.
• RMS phase error in the combined servo system used to maintain lock 
with power recycling.
This power recycling experiment was the initial experiment in an ongoing 
research effort to build more complex interferometer prototypes. The 
problems highlighted in this experiment are receiving urgent attention; 
however these activities are beyond the scope of this thesis.
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CHAPTER 8
Summary and Recommendations 
for further work.
8.0 Summary.
This thesis has been principally concerned with modulation interferometry 
and the noise limitations imposed on particular interferometric techniques. 
The work is divided into three sections: Chapter 3 which deals with noise in 
photodetectors and lasers (and techniques to ensure noise minimisation of 
these two components). Chapters 4, 5, and 6 deal with interferometric 
techniques to produce shot noise limited measurements in the presence of 
technical noise. Chapter seven deals with interferometric techniques to 
improve sensitivity (power recycling).
While modulation techniques are shown to be quite effective at noise 
suppression, there are finite limits on there ability to remove technical 
noise from the measurement spectrum. Stringent applications therefore 
require both noise cancelling modulation techniques as well as noise 
suppression at the light source (via active feedback) and the photodetector 
system (using low noise photodetector circuits with RF shielding).
We started with an analysis of the performance of photodetectors built for 
modulation interferometry undertaken in this thesis. Both the bandwidth 
and noise performance of three detectors were documented.
The intensity and frequency noise of the miniature, monolithic Nd:YAG 
lasers used throughout this thesis was then tested and documented. 
Frequency noise was measured via two techniques: A heterodyne beat 
measurement with another laser, and a comparison to a Fabry-Perot 
reference cavity. Both techniques showed considerable frequency noise 
structure at frequencies up to ~ 100kHz.
The intensity noise was shown to be dominated by a resonant relaxation 
oscillation. This produced large amounts of intensity noise from DC up to
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several MHz. Using a simple second order system description, the noise 
performance of the resonant relaxation oscillation was accurately modelled.
Equipped with an accurate system model of the resonant relaxation 
oscillation mechanism we were able to design an electro-optic feedback 
servo to suppress the intensity noise. By careful tailoring of the feedback 
parameters we were able to suppress intensity noise to within ~ lOdB of the 
shot noise level across a wide band ( 100Hz to ~ 1MHz) and to within 3dB of 
the theoretical limit between 10kHz and 300kHz.
With the performance of both photodetectors and lasers documented we 
were then in a position to investigate modulation interferometry in a 
quantitative manner.
Direct detection interferometry was initially studied. It was shown to be 
100% efficient in signal extraction as there is no modulation/demodulation 
process involved.
A direct detection polarimeter was built up to study practical aspects of the 
technique. This device was both simple (stable enough to allow manual 
positioning of phase at an arbitrary value) and sensitive (8.0 ± 1.5 x 10-9 
radians/VHz). Excellent agreement between theory and experiment was 
obtained for his device ( < 0.5dB discrepancy).
The most pressing limitation of this direct detection system was shown to be 
the poor ability to suppress laser intensity noise. Using a free running laser 
(no intensity stabilisation) this restricted shot noise limited operation to 
frequencies above ~ 12MHz where laser technical noise was negligible.
Internal modulation was demonstrated as a simple and efficient method of 
suppressing common mode laser noise, with suppression of up to ~ 70dB 
achieved at low frequencies. However it was necessary to introduce 
significant differential phase modulation into the interferometer and this 
required placing a modulator in either one or both interferometer arms 
leading to power losses and wavefront distortions (poor power recycling 
prospects). Internal modulation interferometry was tested using a 
retardance modulated polarimeter. The polarimeter retained excellent 
fringe visibility despite significant wave front distortion and power loss.
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Once again, excellent quantitative agreement with theory was achieved ( < 
ldB discrepancy).
Nonstationary shot noise in internal modulation interferometers was 
shown to limit simple sine-sine modulation-demodulation sensitivity to 
V(3/2) larger than that of direct detection by raising the shot noise floor by a 
factor of 3/2 . An experiment, demonstrating the excess noise due to 
nonstationary shot noise and the phase dependence of the demodulating 
local oscillator was performed. Approximately ~ 4.8dB variation, due to 
nonstationary shot noise was observed with an excess of 1.7dB in the signal 
quadrature.
A composite demodulation function consisting of both the first and third 
harmonic was experimentally implemented. This demonstrated that the 
third harmonic adds correlated noise to the signal spectrum and has the 
potential to cancel out excess nonstationary shot noise appearing in the 
signal quadrature.
External modulation experiments, using a small bench top Michelson 
interferometer were undertaken. A simple theory describing the major 
non-ideal variables (electronic noise, power split ratio, fringe visibility etc) 
was also developed. The excellent agreement between experiment and 
theory (within ~ ldB over a wide range of both signal and modulation 
depth) demonstrated that the simple theory was entirely adequate in 
predicting bench top interferometer performance.
Although more complicated (two optical phases to be controlled) than 
internal modulation, external modulation removes the modulator to a 
reference beam and hence allows high fringe visibility (typically 0.997 for 
our interferometer) and optimum power recycling sensitivity.
External modulation interferometry, using sine-sine modulation- 
demodulation, was shown to have approximately the same limiting 
sensitivity as internal modulation interferometry. However, the 
mechanism reducing its sensitivity is no longer due to nonstationary shot 
noise. Rather, signal components become spread across the spectrum by 
higher order local oscillator, PM sidebands and are inaccessible to the 
demodulation process. For external modulation interferometry, the shot 
noise floor remains unaffected by the modulation-demodulation process.
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The external modulation theory was extended to include power recycling. 
The shot noise limited sensitivity was shown to be proportional to l/VGrec 
(where Grec is the power buildup due to power recycling).
In our experiment we achieved a power build up of Grec ~ 36, while the shot 
noise limited sensitivity improved by a factor of ~ 6. Low frequency noise 
problems, however restricted shot nose limited operation to frequencies 
greater than ~ 700kHz.
8.1 Recommendations for further work.
The series of experiments performed in this thesis form the initial step in 
developing an experimental gravity wave research effort at the Physics 
Department of the Australian National University. As part of an effort to 
build increasingly complex and more realistic bench top prototype 
interferometers in support of a full scale Australian gravity wave 
observatory, there are a number of significant experiments that should be 
performed, building on the work of this thesis.
The power recycling interferometer, studied in chapter 7, was designed and 
built for increasingly complex optical configurations. The interferometer is 
based on a triangular invar frame, to which all interferometric optical 
components are attached. The whole invar structure sits in a custom made, 
vacuum chamber (yet to be evacuated).
After the initial noise problems concerning the power recycling 
configuration (discussed in chapter 7) are overcome, it will be possible to 
install Fabry-Perot arms and a signal recycling mirror in the prototype 
interferometer.
Assuming that a finesse of approximately one hundred can be achieved for 
the Fabry-Perot arm cavities, the maximum shot noise limited sensitivity 
can be estimated based on the slope of the reflected cavity optical phase as a 
function of cavity length. Fritschel12 derives the result dö/dl = 8FA, where 
F is the cavity finesse. Using the achieved shot noise limited sensitivity for 
the power recycling interferometer of ~ 5 x 10"9 radians/VHz, the Fabry 
-Perot arm, external modulation interferometer sensitivity can be estimated
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at -  10-17 m/VHz ( \ /(8 F ) x 5 x 10'9 radians/VHz = 10'17 m/VHz). Signal 
recycling techniques have the potential to improve upon this sensitivity in 
particular regions of the signal spectrum26.
In order to achieve this sensitivity at moderate signal frequencies (~ 20kHz 
or less) several significant improvements will have to be implemented:
• The mechanical/electrical noise present in the current experiment 
must be reduced by several orders of magnitude. For the experiments 
reported here signal frequencies of greater than 100kHz were used. In 
this frequency range, mechanical/electrical noise at the mirrors was 
not directly observable, however as the signal frequency is pushed 
down to 20kHz and the interferometer sensitivity is improved, 
mechanical mirror noise will become evident in the signal spectrum.
• The present power recycling interferometer has ~ 1 milli radian RMS 
phase noise in the Michelson locking system. This phase error 
couples laser intensity noise into the demodulated signal spectrum 
(see Fig. (6.2)). When Fabry-Perot cavities are introduced, the 
sensitivity should improve by ~ 60 (based on a Finesse of -  100). This 
will necessitate a reduction in the tolerable RMS phase error by 
approximately the same amount if demodulated laser intensity noise 
is not to dominate the signal spectrum.
In order to relax this stringent requirement, the laser should be 
intensity stabilised (at present free running), and so reduce the RIN in 
the signal bandwidth by ~ 35dB (see Fig. (3.9)).
• Com plex interferom eters frequently rely on asym m etric 
interferometer arms in conjunction with frontal modulation68 in 
order to generate sufficient error signals to control the interferometer. 
If this technique is adopted, independent frequency stabilisation of 
the laser becomes necessary to avoid frequency noise appearing in 
both the signal spectrum and the error signals.
Irrespective of whether a deliberate asymmetry is introduced into the 
interferometer arms, a residual asymmetry error is unavoidable. 
This becomes particularly significant when Fabry-Perot cavities are 
utilised in the interferometer arms as it is difficult to match the cavity
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storage time to better than a few percent. As there are large frequency 
noise features on the free running laser (see Fig. (3.17)) in the desired 
signal range (20kHz to ~ 100kHz), frequency stabilisation will become 
essential in achieving shot noise limited operation.
With these improvements successfully implemented, it should be possible 
to trial complex servo system error signal responses by accurate manual 
positioning and scanning of optical components prior to design of the 
feedback PID. Currently, free running electrical and mechanical noise 
precludes this possibility on all but the most insensitive optical components 
(ie the local oscillator mirror).
Lock acquisition of multi-dimensional servo systems will also become 
much simpler if accurate manual positioning of critical optical components 
is possible.
Finally, the improved interferometer should provide a convenient test bed 
for investigating novel interferometer configurations such as resonant 
sideband extraction69.
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Photodetector design and development
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Three basic photodetector designs were developed for this thesis; 
a broad band, ac coupled photodetector, 
a transformer coupled rf photodetector, 
a dc coupled, transimpedance photodetector.
This appendix documents the design, development and performance of all 
three detectors.
Broadband, ac coupled photodetector.
A schematic of the broadband, ac coupled detector is shown in Fig. (A.l). The 
basic design requirements were to build a detector that gave a DC coupled 
output to be used to align and calibrate the detector performance (when 
calibrated the DC output gives lvolt per milliwatt of incident light at 1064nm) 
as well as an AC coupled, RF output that provided low noise response to 
several hundred MHz.
The AC response of the detector circuit can be predicted based on a simplified, 
small signal model of the photodiode and RF components. As the MAR-6 
(MiniCircuits RF amplifier) has a gain of 20dB, a 3dB bandwidth of 1GHz and 
an input reflection coefficient of -26dB, it can be accurately modelled as a 50 
ohm input load followed by an ideal amplifier. The small signal circuit model 
of a photodiode (Epitax ETX-500 and ETX-300) can be modelled as an ideal 
current source in parallel with an effective junction capacitance (assuming a 
reverse junction bias of 15 volts) and a leakage resistor (note the series resistor 
of the photodiode is approximated as a short circuit). The resulting small signal 
circuit is shown in Fig. (A.2). Using the circuit analysis software package IS- 
spice, the frequency response of the small signal circuit was determined. The 
results are plotted in Fig. (A.3).
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Figure A.l: A detailed schematic of the RF photodiode circuits.
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Figure A.2: The small signal model of the photodetector circuit shown in Fig (1). C is 
4.5 pF for the ETX-300 detector and 14pF for the ETX-500 detector.
photodetector
AC model
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Due to a large noise component in the laser intensity spectrum (see Fig. (2.1)) at 
approximately 300-500kHz, it was necessary to roll the AC response off at low 
frequencies in order to avoid saturating the MAR-6 amplifier. This was 
achieved by setting C2 to InF to give a low frequency 3dB point at 
approximately 6MHz (giving at least 22dB suppression over the frequency 
range DC to 2MHz).
The ac response of the photodetectors was measured by illuminating the 
detectors with a white light and plotting the frequency response of the shot 
noise at the detector output port. As photocurrent shot noise is white 
(frequency independent) the shot noise response gives the AC frequency 
response of the photodetector and subsequent electronics. The experimental 
details are shown in Fig. (A.4).
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Figure A.3 (a): The IS-spice predicted frequency response of the ETX-300 based 
detector; trace 1 is the amplitude in dB and trace 2 is the phase response. Note the 
actual dB value is irrelevant as this is with respect to the arbitrary current source of the 
IS-spice model. However the response curves show the relative frequency response of 
the two circuits.
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Figure A.3 (b): The IS-spice predicted frequency response of the ETX-500 based 
detector; trace 1 is the amplitude in dB and trace 2 is the phase response. Note, the 
actual dB value is irrelevant as this is with respect to the arbitrary current source of the 
IS-spice model. However the response curves show the relative frequency response of 
the two circuits.
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Figure A.4: A schematic of the white light experiment used to determine the frequency 
response of the ac coupled, broadband photodetectors.
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Figure A.5: The achieved frequency response of the RF output port of the photodiode 
detectors. Curve A is the response of the ETX-300 based circuit while curve B is that of 
the ETX-500 based circuit. The arrow in curve A indicates a change in slope in the 
frequency response due to a simple pole in the AC response function. Note that curve 
A was recorded with less video averaging and so contains more random fluctuations 
than curve B.
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Fig. (A.5) plots the shot noise response of both the ETX-300 and ETX-500, MAR- 
6 based detectors. Note that the Fig. (A.5) data is obtained by plotting the 
absolute shot noise power (after subtracting the electronic noise) relative to the 
maximum frequency response. As can be seen curve (b), Fig. (A.5) agrees 
closely with the predicted response given in Fig. (A.3b), with 3dB frequencies 
of 8MHz and 250MHz. However curve A is more complicated. The variation 
in the low frequency response (3dB frequency at 10MHz) is most likely due to 
electrical component tolerances while the high frequency 3dB point at 450MHz 
is far short of the predicted 750MHz. This reduction in the AC response is due 
to the RF amplifier following the photodetector (ZFL-500 in Fig. (A.4)) having a 
3dB bandwidth of 500MHz. The actual 3dB frequency response of the 
photodetector alone can be inferred from Fig. (A.5) by noting that the simple R- 
C pole occurring at 750MHz in the IS-spice prediction will cause a change in 
slope of the frequency response at this frequency. The arrow in Fig. (A.5) 
indicates that this occurs at approximately 700MHz in close agreement with the 
IS-spice prediction.
Due to the good agreement between the simple IS-spice model and the 
experimental white light frequency response, it is apparent that the dominant 
limitation on the frequency response of the two photodiode circuits is due to 
the R-C time constant caused by the diode junction capacitance and the AC 
load resistance of the MAR-6 amplifier input (modelled as a simple 50 ohm 
load). Other frequency limiting effects, such as finite drift transit time and 
carrier diffusion time1 do not appear to be influential in this frequency regime.
The detector responsivity p can be determined by measuring the absolute 
optical power incident on the photodetector (using a calibrated power meter) 
and the dc output. The responsivity is then calculated by determining the 
photocurrent necessary to produce the dc output (dc transimpedance of the 
detector circuit) and then calculating the ratio of photocurrent to incident 
power. This was measured for both detectors at p = 0.77± 0.05 amps/W. 
Rearranging equation (1.30) gives the quantum efficiency in terms of the 
responsivity:
r| = p h v / e  (A.01)
where h is Planck's constant, e is the electronic charge and v is the optical 
frequency. Equation (A.01) yields a quantum efficiency of r| = 0.9 ± 0.06 at 
1064nm wavelength.
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The noise performance of these photodetectors is primarily dependent on the 
noise figure of the MAR-6 amplifier and is independent of the actual 
photodiode used. Both the ETX-300 and ETX-500, MAR-6 based detectors 
therefore exhibit the same noise performance. The noise produced at the AC 
output can be related to the optical power by repeating the experiment detailed 
in Fig. (A.4). By noting the optical power (recorded on the digital volt meter) 
necessary to produce a 3dB separation between the electronic noise floor and 
the shot plus electronic noise floor, we measure Popt ; the optical power that 
would be necessary to produce a noise floor equal to the electronic noise floor 
in a perfect detector. For both photodetectors Popt was measured at 370 ± 50 
pw. We can then use equation (2.32) to determine the optical noise equivalent 
power:
NEP = ( 2 e Popl /p)l/2 (1.32)
where e is the electronic charge and p is the responsivity of the detector. 
Equation (1.32) gives a noise equivalent power of NEP= 12.4 ± 1 pW/VHz for 
both detectors.
Transformer coupled rf photodetector
A detailed schematic of the transformer coupled, rf photodetectoris given in 
Fig. (A.6). As can be seen there is only one difference between the ac coupled 
detectors and the transformer coupled detectors; a current step up transformer 
(Miniciruits T8-1T) is used to increase the photocurrent into the MAR-6 
amplifier. Like the ac coupled, broadband detector, the dominant dark noise 
source is the MAR-6 amplifier, hence a photocurrent increase of V8 should 
decrease the NEP of the detector by 1/V8. Infact the NEP for this detector was 
measured at 4.5 ± 1 pW/VHz at 20 MHz, in close agreement with 12.4/V8 = 4.4 
pW/VHz.
The V8:l transformer however, presents a load of approximatly 400 ohms (50 x 
8) to the photodiode and hence the effective RC time constant of the 
photodiode capacitance and the ac load is a factor of 8 greater than the simple 
ac coupled photodetector. This severly limits the detector frequency response.
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Figure A.6: Schematic of the transformer coupled RF photodetector circuit.
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Fig. (A.7) shows a plot of intensity noise of a Lightwave 120 laser (4mW 
incident onthe photodetector). Due to the large laser intensity noise at low 
frequencies, the laser is shot noise limited above ~ 15 MHz. Hence the 
frequency response of the detector shown in Fig. (A.7) is only valid above 15 
MHz. The 3dB frequency of the detector can still be inferred from Fig. (A.7) 
and is ~30 MFiz
Hence for low rf frequencies, the transformer coupled detector was the quietest 
detector available. Extensive use was made of this detector in chapters 3 and 4.
Figure A.7: Frequency response of the transformer coupled rf photodetector. Note that 
this test is obtained by observing the intensity noise of a LightWave 120 laser. This 
laser is shot noise limited above ~ 15 MHz, hence the frequency response is only 
reliable above ~15MHz (the large noise feature below this frequency is due to the 
resonant relaxation oscillation of the laser). Trace (a) is the shot noise response. Trace 
(b) is the electronic noise floor.
■100 2
Frequency in MHz
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DC coupled transimpedance photodetector
A schematic detailing the electrical circuit of the transimpedance detectors is 
presented in Fig. (A.8). As can be seen, the detectors are based on the same 
photodiodes as the previouse designs (either ETX-300 or ETX-500 diodes as 
well as an EG&G FND-100 silicon detector for visible radiation) however a high 
speed op-amp (Comlinear CLC-425) is used to convert photocurrent to output 
voltage. Due to the large gain-bandwidth product of the CLC-425 op-amp, the 
photodetector circuit has a 3dB bandwidth of approximately 200MHz (see Fig. 
(A.9)). The noise equivalent power of this detector was measured at 11.8 ± 
lpW/VHz at frequencies up to approximately 25MHz. Above 25MHz, the 
detector noise floor increased steadily with frequency.
Figures (A.9) and (A. 10) show the results of a white light test similar to that of 
Fig. (A.4), for the transimpedance detector. As can be seen, both the frequency 
response and the detector noise floor are very flat from dc (ignoring the dc peak 
due to the spectrum analyser) to beyond 20MHz (Fig. (A. 10).
Due to the flat frequency response and noise floor of the transimpedance 
detector from dc to 25 MHz, it was used to investigate spectral features at 
frequencies where the AC coupled detectors could not operate effectively 
(below 8MHz). The transimpedance detector was also essential for laser 
intensity stabilisation as it exhibited zero phase delay over the frequency range 
of interest (dc to ~ 10MHz in this case).
Note that an early transimpedance detector was developed, based on the circuit 
of Fig. (A.8) however it used a Comlinear CLC-401 Op-Amp. This was later 
replaced by a CLC-425 due to the latter's superior noise performance.
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Figure A.8: Schematic of the transimpedance photodetector circuit.
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Figure A.9: Frequency response of the transimpedance detector from dc to 200MHz : (a) 
shot noise trace (photocurrent = 0.96mA), (b) electronic noise floor of the detector. Note 
that the peak at ~ 105MHz is due to interference from several FM radio stations and not 
due to the detector itself.
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Figure A.10: Frequency response of the transimpedance detector from dc to 20 MFiz 
response : (a) shot noise trace (photocurrent = 0.96mA), (b) electronic noise floor of the 
detector.
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Appendix B
Phase locked loop design and performance
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A DC coupled, phase locked loop was designed and constructed in order to 
perform laser beat measurements and other heterodyne frequency 
measurements. A detailed schematic of the phase locked loop is shown in Fig. 
B.l.
The phase locked loop achieved the following performance: 
unity gain frequency of loop: 2.3 MHz
VCO tuning range: 105 -195 MHz
hold in range: ± 40 MHz
acquisition range: ± 5 MHz.
The PLL was designed to operate in three modes:
1. FM demodulation mode:
Frequency fluctuations in the RF in signal are mixed down to baseband and 
then applied to the VCO. This forces the VCO to track the frequency jitters in 
the input signal. The control voltage applied to the VCO to achieve tracking 
then represents the demodulated FM on the RF input. As the signal output is a 
tap off of the VCO control voltage, the demodulated output is available at the 
signal output port. Hence the phase locked loop can function as a broad band 
FM demodulator.
In order for accurate VCO tracking, the loop gain must be considerably larger 
than unity. This ensures that the residual error in the loop is small. As the 
unity gain frequency is -  2.3 MHz, the phase locked loop functions accurately 
for FM signals from DC to -200 kHz (loop gain greater than 10). FM signals at 
frequencies greater than -  200 kHz posses significant error and are unreliable. 
As the lasers we are testing, typically have significant frequency noise from DC 
to -  100 kHz (see Fig. (3.17) for example)), the FM demodulator is adequate to 
accurately demodulate all FM noise structure.
The phase locked loop can therefore demodulate FM signals from DC to 200 
kFIz imposed on an RF carrier in the range 105 MHz to 195 MHz.
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Figure B.l: schematic of the phase locked loop.
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2. VCO mode:
When no RF signal is applied to the RF input port, the VCO is free running. Its 
output frequency is then directly tunable using either the modulation input or 
the manual potentiometer. The phase locked loop can therefore operate as an 
RF, FM modulator.
3. Composite mode
When both an FM signal is applied to the RF input and a baseband signal is 
applied to the modulation input, the phase locked loop forces the VCO to track 
the frequency jitter of the FM signal with a phase offset proportional to the 
modulation signal input.
Composite mode can be used to frequency lock two laser signals together (at an 
offset frequency of the free running VCO). By varying the modulation input, 
the frequency offset of the two lasers can be changed in a controlled manner 
while maintaining lock.
